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ABSTRACT
The Hualapai Limestone, at the western edge of the Colorado Plateau, provides
the best sedimentary record available for 12 to 6 Ma at the mouth of the Grand Canyon.
Because it directly underlies the first Colorado River gravels, this unit is a key element
for understanding the integration of the Colorado River from the Colorado Plateau to the
Basin and Range province, and the early paleogeography of the Grand Canyon region.
This study combines a tectonic investigation with a stratigraphic and sedimentologic
analysis that includes new geochemistry, tephrochronology, and detrital zircon analysis to
examine variations of the sedimentary and tectonic records from the Hualapai Limestone
basins. Thickness variations, with progressively thicker deposits towards the east in two
of the four basins, indicate syntectonic deposition of the unit in half grabens formed
above listric faults with 5-11 km depth to detachments. A sedimentary facies analysis
highlights that the Hualapai Limestone was deposited in spring-fed lake and marsh
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systems fed by groundwater similar in composition to modern Havasu Creek and western
Colorado Plateau groundwater. Stable isotope analysis of carbon and oxygen suggests
gradual increase in meteoric water input through time. Sr isotopes, though variable, show
an up-section decrease in 87Sr/86Sr and confirm a freshwater origin for the Hualapai
Limestone. These data, plus facies analysis, suggest that waters that fed the Hualapai
Limestone contained a significant component of endogenic spring inputs.
Detrital zircon data for the Grand Wash trough indicate that red siltstones that
underlie and interfinger with the Hualapai Limestone, from 13 to 6 Ma, were not derived
from the Colorado Plateau, but likely from the Kingman Arch to the south. Western
basins contain a more diverse suite of detrital zircons, suggesting possible connections to
a northern Paleo Virgin River source. Tephrochronologic analyses show a 12 Ma ash near
the base of the unit, extending the basal Hualapai date. We propose that the Hualapai
Limestone was a long-lived (12-6 Ma) groundwater-fed series of lake and marsh systems
that were deposited in syntectonic half grabens via spring vents along faults and discharge
along the dissected aquifer of the Grand Wash Cliffs.
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INTRODUCTION
The Hualapai Limestone is a 12-6 Ma deposit in eastern Lake Mead at the mouth
of the Grand Canyon. It is regionally significant because it is the last deposit predating the
inception of the Colorado River and thereby may contain evidence of how the Colorado
River developed and began carving the Grand Canyon (Blackwelder, 1934; Longwell,
1946; Blair and Armstrong, 1979; Faulds et al., 2001a). Its age is constrained by several
ash layers within the deposit. Previous workers reported an eastern 11.08 ± 0.27 Ma basal
ash layer (Faulds et al., 2001a) and a western 5.97 ± 0.07 Ma top ash deposit (Spencer et
al., 2001). These dated layers do not occur in the same location and instead are
approximately 45 km apart in different basins of the Hualapai Limestone. Existing
stratigraphic and mapping work by Lucchitta (1966), Wallace (1999), and Blythe (2005)
have outlined the main setting, depositional environment, and importance of the Hualapai
Limestone. Our goal is to conduct more detailed tectonic and stratigraphic work, and
apply geochemistry, tephrochronology, and detrital zircon studies to these important
rocks.
In the eastern Lake Mead region, the western boundary between the Colorado
Plateau and Basin and Range physiographic provinces is delineated by the Grand Wash
fault zone, a series of western dipping listric normal faults with 3-5 km of collective
normal separation. To the west of this fault zone lies the Wheeler fault, another west side
down normal fault with approximately 2 km of offset that accumulated during multiple
episodes of slip. The Hualapai Limestone was deposited across the Grand Wash fault
zone and most papers cite the unit as post-tectonic relative to slip on the Grand Wash
1

fault (Lucchitta, 1966; Bohannan, 1984; Beard, 1993). However, this work suggests that
the wedge-shaped basin geometry and soft sediment deformation structures record
syntectonic deposition. This is supported by recent work that shows post-Hualapai slip on
the Wheeler fault (Howard et al., 2003). By utilizing various models for listric faults and
syntectonic basins, this paper determines the depth to detachments for the Grand Wash
fault zone and Wheeler fault and contributes to the identification of the regional tectonic
architecture and links between Miocene and ongoing fault slip patterns.
The thickest deposits of Hualapai Limestone are located at the axial depocenters
of the Grand Wash trough, adjacent to the Grand Wash fault zone, and Gregg basin,
adjacent to the Wheeler fault (Wallace, 1999; Faulds et al., 2001b). By examining
sedimentary facies, we test the hypothesis that the Hualapai Limestone was deposited as
shallow water deposits where accommodation space for sediment accumulation in the
thickest parts of the basins was controlled by progressive small displacement events along
basin-bounding faults. Facies analyses also test models for how connected or separate the
different basins were during Hualapai Limestone deposition.
Recent workers have suggested that an internally drained lake (Lake Hualapai,
named by Spencer et al., 2008) originally developed within the Grand Wash trough before
the Colorado River became integrated through this region. A model presented by
Blackwelder (1934), Bohannon (1984), Spencer et al. (2008), and House et al. (2005),
proposes that when water volume exceeded basin capacity in the Grand Wash trough, the
lake spilled over into Gregg, Temple, and Detrital basins. The cascading chain of lakes
continued spilling into subsequent downstream lakes (House et al., 2008) and eventually
2

into the newly opened Gulf of California by 5.3 Ma (Dorsey et al., 2007; Dorsey, 2010).
Using this model, workers have assumed that the preserved top of the Hualapai
Limestone in all its depositional basins represents a time correlative horizon, dated by the
ash in the uppermost Temple basin section, and that the lake spillover event was due to a
―water delivery event‖, the arrival of the Colorado River after 6 Ma (Spencer et al.,
2001). We test this idea by examining measured sections from basin to basin and
examining different facies preserved lower in the sections in order to understand the
history of deposition prior to the postulated final coalescence of the different basins.
Because only one 6 Ma date exists to date the top of one of the basins, it is possible that
the various basins were deposited diachronously. Herein, we test the hypothesis that the
Hualapai Limestone was deposited in a series of internally drained lakes or wetland
basins that were initially separate, but coalesced to form a larger shallow lake. In order to
test this model, we used C, O and Sr isotopes to develop a high resolution geochemical
framework for each basin that can be merged with other datasets.
Recent hydrochemical work on travertine-depositing springs and groundwaters in
Grand Canyon (Crossey et al., 2006; 2009) has provided additional constraints and
modern analogs for fresh water carbonate deposition in the region. Extensive modern
travertine deposits occur around spring vents that tend to align along faults. These waters
show highly variable hydrochemistry that reflects mixing of meteoric recharge with
inputs of endogenic fluids from below into the groundwater system. Endogenic
endmembers contain high CO2 and 3He gases indicative of a mantle origin for some of
the fluid. Travertine deposits around many of the modern Colorado Plateau springs show
3

textures that are similar to those seen in parts of the Hualapai Limestone such as stick and
reed casts in travertine beds, flowstone at spring vents, and massive limestone platforms.
Hence we test the hypothesis that late Miocene waters responsible for deposition of the
Hualapai Limestone may have been similar to modern Grand Canyon travertine springs
and that this similarity may help us understand the source of the water for the widespread
carbonate deposition represented by the Hualapai Limestone. This aspect is tested using
facies mapping, sedimentology and geochemistry, including stable isotope (C and O) and
radiogenic Sr isotopic analysis.
There has been much debate about the pre-6 Ma drainage evolution in the region.
Most workers have cited the internal drainage of the Muddy Creek Formation and the
lack of far-traveled Colorado River sediments in the Grand Wash trough as evidence that
no Colorado River existed in this area before 6 Ma. The end of deposition of the Hualapai
Limestone, during highstand and the proposed western spillover, represents a change in
the western Colorado Plateau margin hydrologic setting just prior to the change from a
series of internally drained basins to a through flowing Colorado River system. Gravels
with similar detrital zircon composition to the modern Colorado River appeared on top of
the Hualapai Limestone by 4.4 Ma (Howard and Bohannan, 2001). Some models have
suggested that an earlier paleo drainage was already in place in western Grand Canyon
prior to and during Hualapai Limestone deposition (Polyak et al., 2008; Young, 2008).
These models are tested here with detrital zircon studies of the red siltstone facies that
underlies and interfingers with the Hualapai Limestone. Other workers (Hunt, 1969;
Pederson, 2008; Hill et al., 2008) have postulated that large water volumes were piped
4

through karst aquifers leading to integration of the Colorado River. We test this model
using geochemical analogs of the modern river and modern karst aquifer waters and
springs of Grand Canyon. Data presented here contribute additional evidence to the
debate on Colorado River origin and evolution.
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GEOLOGIC SETTING AND PREVIOUS WORK
The eastern Lake Mead region provides a record of the evolution of the western
boundary of the Colorado Plateau, where the physiography and tectonic character
abruptly changes to the Basin and Range extensional province. The mid-Tertiary change
to an extensional regime resulted in the formation of numerous grabens, half grabens, and
metamorphic core complexes to the west and south of the Colorado Plateau (Faulds et al.,
2001c). The magnitude of east-west extension within the Grand Wash region has been
estimated to be greater than 100% and the region has experienced at least 15 km of
Miocene extension (Faulds, 1993; Brady et al., 2000). The majority of extension and
movement occurred along the large-scale range-bounding faults at the initiation of
regional extension (Brady et al., 2000). Shallow detachment faults eventually became the
dominant extensional structural style within the region with depths to detachment of less
than 5 km (Brady et al., 2000). Extension has migrated into the plateau such that presently
active faults, such as the Toroweap fault, are inboard (Karlstrom et al., 2007). Likewise,
volcanism has swept inboard (Wenrich et al., 1995; Karlstrom et al., 2008) as seen in the
late Miocene San Francisco Volcanic Field (Tanaka et al., 1986). Work to date within the
Lake Mead region has included decades of detailed mapping by Longwell (1928),
Blackwelder, (1934), Lucchitta (1966), Beard (1996), Spencer and Patchett (1997),
Faulds et al., (2001a, 2001c, 2001b), and Wallace (1999, 2005), among others.
The largest single fault in the eastern Lake Mead region, the Grand Wash fault, is
part of a complex and evolving network of faults that has helped control physiographic
evolution of the eastern Basin and Range. The Grand Wash trough, an east-tilted half
6

graben, is bound to the east by the west-dipping Grand Wash fault zone and the west by
the west-dipping Wheeler fault (Figure 1). To the east of the Grand Wash trough, the 1.3
km high Grand Wash Cliffs lie in the footwall of the listric fault zone (Wernicke and
Axen, 1988) and are composed of the flat-lying Paleozoic sedimentary strata of the
Colorado Plateau (Figure 2). The basin is bounded to the west by the Paleozoic Wheeler
Ridge and the southwest by Proterozoic gneisses of the Infernal Mountains (Faulds et al.,
2001b). Regional extension across the Grand Wash fault system was most active 17.516.5 Ma, as recorded by the syntectonic Thumb Member of the Horse Spring Formation
(Beard, 1996), and thermochronology studies (Fitzgerald et al., 1991). Extension began to
slow around 13 Ma (Anderson et al., 1972; Faulds et al., 2001b; Beard, 1996), and many
workers have considered the Muddy Creek Formation (terminology summarized by
Young, 2008) fill of the Grand Wash trough to be post-tectonic relative to movement on
the Grand Wash fault system (Young, 2008). However, extension has continued as creep
and microseismic events along basin-bounding and smaller faults until the Quaternary
(Faulds et al., 2001c; Howard and Bohannan, 2001). The traditional view is that
extension along the Grand Wash fault ended before 8-9 Ma and the area has experienced
only minor subsequent extension; however, activity continues in other areas of the Basin
and Range province (Faulds et al., 2001b). A basalt, interbedded with sedimentary rocks
of the Grand Wash trough (Beard, 1993), flowed down the Grand Wash Cliffs at Snap
Point and establishes that the Grand Wash Cliffs were at their current height at
approximately 8.8 Ma (Wallace, 1999). An alternative view, and a main conclusion of
this work, is that while the easternmost segments of the Grand Wash fault zone are
7

Figure 1. Generalized geologic map of the Lake Mead region (modified from Beard et al.,
2007, Blair and Armstrong, 1979, Faulds et al., 2001c).

8

Figure 2. Generalized structural cross-section of the Lake Mead region (modified from
Wallace et al., 2005; Wallace, 1999; Brady et al., 2000; Bohannon, 1984; Howard et al.,
2003, Beard et al., 2007; Faulds et al., 2001c; Howard and Bohannon, 2001).
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covered in alluvial and fanglomerate facies and a basalt marker bed, western segments
continued to move and created accommodation space in which additional alluvial
sediments and the Hualapai Limestone were deposited.
Figures 1 and 2 show the different basins and their bounding faults. The Grand
Wash fault, which is largely concealed by the deposits of the Muddy Creek Formation
and the Hualapai Limestone, is mapped as two strands based on Brady et al. (2000).
These faults together have an approximate maximum offset of 1.8 to 5 km of west-down
slip (Brady et al., 2000, Wallace, 1999, Faulds et al., 2001b). The Grand Wash trough is
in the hanging wall of the Grand Wash fault and contains up to 250 m of Muddy Creek
Formation (Longwell, 1928; Billinglsey, 1978; Young, 2008) and 300 m of Hualapai
Limestone (Blair and Armstrong, 1979; Bohannon, 1984; Faulds et al., 2001a; Lucchitta,
1972).
The Wheeler fault, which bounds the southern portion of the Grand Wash trough,
appears to merge to the north and south with the Grand Wash fault (Faulds et al., 2001c).
Gregg basin is formed in the east-tilting half graben to the west of the west-dipping
Wheeler fault. Cenozoic sedimentary units within Gregg basin record a thickness ranging
from 700 m to 1.5 km (Wallace, 1999). The Muddy Creek Formation is inferred to be
fairly thick in this basin. The Hualapai Limestone filled accommodation space with a 240
m thick deposit against the Wheeler fault and thins to the west (Blair and Armstrong,
1979). In a geometry similar to stratal fanning in many syntectonic extensional basins
(Beard, 1996), Paleozoic strata dip 50° in the hanging wall, whereas the Hualapai
Limestone dips about 10°. This geometry was interpreted to indicate a relatively steep and
10

listric geometry (Wallace, 1999), or hanging wall tilts related to planar fault intersections
(Resor, 2008). Wheeler fault’s cumulative offset from multiple episodes of faulting from
11 Ma to recent may be up to 2.1 km, with evidence of approximately 275 m offset of
Hualapai Limestone and the truncation of Pliocene alluvial fans (Wallace, 1999, Brady et
al., 2000). Along the Wheeler fault, the Hualapai Limestone is in a synclinal drag fold
while westward, the limestone upwarps into a large-scale hanging wall anticline (Howard
and Bohannon, 2001). The hanging wall anticline deforms Colorado River gravels and
4.7 to 4.4 Ma basalts flows (Howard and Bohannon, 2001; Faulds et al., 2001b). The west
side down offset along Wheeler fault has also been observed to dampen Colorado River
incision in the Lake Mead region (Karlstrom et al., 2007; 2008).
Temple basin, to the west of Gregg basin, is bound to the east by the South
Virgin-White Hills-Lakeside Mine-Cyclopic detachment fault. This fault system is
estimated to have between 5 and 15 km of Miocene age throw (Fryxell et al., 1992; Brady
et al., 2000) and contains synextensional conglomerates and landslide breccias (Howard
et al., 2003; Blythe, 2005). Extension in the eastern portion of this basin subsided by 8
Ma (Blythe, 2005). Temple basin contains sedimentary units that include Muddy Creek
conglomerates and siltstones and Hualapai Limestone. Volcanic units underlie and
interfinger with these deposits. On the western flank of this basin lie the late-Miocene
volcanic White Hills.
Detrital basin is the most recent of the Hualapai Limestone basins. Bound to the
east by the Blind Goddess fault and the west by the Detrital fault (Beard et al., 2007;
Faulds et al., 2008), this basin contains highly faulted Miocene and Quaternary deposits.
11

Figure 3. Generalized stratigraphic column for the Lake Mead region. All thicknesses are
approximate (modified from Beard et al. (2007), Billingsley (1978), and Langenheim and
Schulmeister (1987). New ash near the base of the Hualapai Limestone in Grand Wash
trough extends the time of the lower limestone from 11 to 12 Ma.
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Basin filling units include locally derived conglomerates and siltstones, as well as the
Muddy Creek Formation and the Hualapai Limestone.
The term Muddy Creek Formation has been used for late- to post-extension fill of
basins of the Lake Mead region (Longwell, 1928) (Figure 3). The age of the Muddy Creek
Formation has been bracketed between the 18.3 ± 0.6 Ma Peach Spring Tuff (Young,
1966) and the 11.08 ± 0.27 Ma Hualapai Limestone (Faulds et al., 2001a). Used in this
way, this unit has one of the largest lateral extents of all the formations within the Lake
Mead region. Outcrops of the unit may be found up all tributaries of Lake Mead, as well
as many basins beyond the lake. It is primarily composed of interbedded pink sandstone,
siltstone, claystone, and gypsum with conglomerate common at basin margins. The
conglomerate facies were alluvial fans at basin margins that graded laterally into fluvial
and lacustrine facies in the basin centers (Bohannon, 1984). Although Bohannan (1984)
has suggested use of the term “Rocks of the Grand Wash Trough” for this sequence
within the Grand Wash trough, we use the Muddy Creek nomenclature of Young (2008)
and previous workers.

Previous work on the Hualapai Limestone
At the end of Muddy Creek time, the Hualapai Limestone lacustrine systems
became widespread throughout the Grand Wash trough and adjacent basins. The lower
contact is gradational, but is defined here as the first > 0.5 m thick lacustrine carbonate.
The deposit is distributed from the Grand Wash Cliffs to northern Detrital basin, 10 km
west of Temple Bar (Faulds et al., 2001a). Possibly synchronous with the Hualapai
13

Limestone is a 2.5 km thick package of nonmarine halite in the Hualapai basin, located
directly to the south of the Grand Wash trough (Faulds et al., 2001b) as well as a 50 m
thick limestone deposit approximately 10 km northeast of Las Vegas (Castor et al., 2001).
The Hualapai Limestone is named for its prominent distribution in Hualapai Wash of
Gregg basin (Longwell, 1936). Originally considered a formation by Longwell (1936),
authors revised the limestone to an upper member of the Muddy Creek Formation (Blair,
1978). However, the unit was reinstated to formation status as the Hualapai Limestone
based on its distribution (Bohannon, 1984). Hualapai Limestone deposits are found at
elevations ranging from 400 to 900 m.
Sedimentary structures and fossils indicate that the Hualapai Limestone was
deposited in a series of restricted and shallow lakes that were fed by a combination of
surface water and groundwater (Wallace, 1999). The Hualapai Limestone is a
wackestone/packstone, composed of pellets with micrite intraclasts and algal laminated
rip-up clast nuclei in a lime mud matrix (Wallace, 1999). The limestone is occasionally
interbedded with calcite cemented sandstone and siltstone. Fossil diversity is low and
there is evidence of trace fossils and body fossils. Oncolites with diameters of 2 mm to 3
cm are common throughout the deposit (Faulds et al., 2001a) with the clasts usually
consisting of quartz grains and volcanic rock fragments (Blair and Armstrong, 1979).
Colloform algal stromatolites up to 20-30 cm tall are widespread and very abundant in the
Grand Wash trough. Other fossils include burrows, leaf impressions, root and stem casts,
charophytes, gastropods and ostracods. The ostracod species found, Candona, are those
of a freshwater burrower (Blair and Armstrong, 1979). Several different genera of
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gastropods and rushes are found, all of which are indicative of a brackish water
environment (Blair and Armstrong, 1979). Diatoms are abundant in the more western
outcrops and include species that are commonly found within brackish water deposits
(Blair and Armstrong, 1979). There is evidence of travertine in the Hualapai system in the
form of flowstone and tufa (porous carbonate with vegetation casts), which are commonly
found within the limestone facies. Sedimentary structures include mudcracks, fenestral
porosity, ripples, and brecciated collapse features (Wallace, 1999).
Whereas the Hualapai Limestone was at one time interpreted as a marine deposit
(Blair and Armstrong, 1979), the alternate interpretation of a freshwater lacustrine origin
(Bohannon, 1984) is supported by stable carbon and oxygen isotopic values and
radiogenic Sr isotopic compositions that are unlike sea water, and more similar to a
mixture of Colorado River water (Wallace, 1999) and radiogenic spring inputs (Gross et
al., 2001; Crossey et al., 2006; Roskowski et al., 2010). The often relatively low δ18O
values (-8.7 to -12.8‰) and highly variable δ13C values indicate the limestone was
deposited in a mostly nonevaporative and nonmarine setting (Wallace, 1999; Faulds et al.,
2001a). The meteoric waters responsible for deposition were derived from inland and
likely relatively high elevations, and may have been a part of an inter-basin open lake
system (Wallace, 1999; Faulds et al., 2001a). High 87Sr/86Sr (0.71447 ± 0.00007) show
the Hualapai is isotopically unlike the modern Colorado River, seawater, or carbonates in
the downstream Bouse Formation and values are consistent with a pre-river origin from
sources affected by Precambrian bedrock (Gross et al., 2001; Spencer and Patchett, 1997;
Patchett and Spencer, 2001; Crossey et al., 2006). These high 87Sr/86Sr values may
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indicate the presence of fault derived carbonate-rich fluids. Previous authors have
acknowledged possible spring water contributions from the Grand Wash Cliffs and along
faults that form the western boundary between the Colorado Plateau and Basin and Range
provinces (Wallace, 1999; Faulds et al., 2001a). As an analog, modern travertine
producing spring waters of the Colorado Plateau show a bimodal geochemical signature
of both surface derived groundwater and highly radiogenic fault derived groundwater
(Crossey et al., 2006).
Existing age constraints for the Hualapai Limestone consist of tephrochronology
and 40Ar/39Ar dating. A tephra intercalated within the lowermost limestone in the
Grapevine Wash area yielded an 40Ar/39Ar age of 11.08 ± 0.27 Ma with a corresponding
glass geochemistry age of 10.93 ± 0.03 Ma. This basal ash has been linked to Miocene
eruptions in the southern Snake River Plain (Wallace, 1999). A tuff interbedded with the
top part of the limestone in the same area had an 40Ar/39Ar age of 7.43 ± 0.22 Ma
(Wallace et al., 2005). A tephra in the upper part of the limestone approximately 45 km to
the west of the Grand Wash trough, within Temple basin, yielded an 40Ar/39Ar age of 5.97
± 0.04 Ma (Wallace, 1999, Faulds et al., 2001a, Spencer et al., 2001). Prior to this study,
no ash beds had been correlated in multiple basins.
As sedimentary packages of Hualapai Limestone increased in thickness
throughout its respective basins, it has been hypothesized that the lake waters overtopped
divides and paleogeographic highs and coalesced into Paleo Lake Hualapai (Spencer et
al., 2008; House et al., 2005). This widespread lacustrine system expanded throughout the
Lake Mead region and eventually overtopped the Black Mountains divide. This initial
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lake spillover caused a chain of filling and overtopping paleo lakes downstream including
Paleo Lake Las Vegas, Paleo Lake Mohave, Paleo Lake Havasu, and Paleo Lake Blythe.
Numerous lake and river sediments were deposited along this corridor of ponding and
cascading lakes, among these deposits are the Bouse Formation of southern California
and western Arizona. This deposit has been extensively studied and results show that it is
approximately 5 Ma and has a 87Sr/86Sr isotope ratio similar to that of Colorado River
water, indicating that it is one of the first significant Colorado River deposits from its
current path through the Grand Canyon (Gross et al., 2001; Howard and Bohannon, 2001;
Spencer et al., 2001; Roskowski et al., 2010). The Imperial Formation of the Salton
trough, northwest of the current Colorado River outlet to the Gulf of California, was also
found to be Colorado River derived and was dated at approximately 4 to 5 Ma. Therefore,
by 5.3 Ma (Dorsey et al., 2007; 2010), the Colorado River was a through flowing river
system draining into the Salton trough and eventually the Gulf of California (Spencer et
al., 2001).
The nature of early drainage patterns and the integration of the upper Colorado
River system have been controversial. Conformably overlying the Hualapai Limestone
are Colorado River silts and gravels (Blacet, 1975), indicating that the river became fully
integrated after the deposition of the unit. Various models have proposed river integration
via the accumulation of waters from headward erosion into the Colorado Plateau (McKee,
1967; Lucchitta, 1984), the recapture of Miocene paleo channels (Young, 2008),
groundwater piping (Hunt, 1969; Pederson, 2001; Hill et al., 2008), or from a paleo lake
spillover event from the east (Meek and Douglass, 2001; Spencer et al., 2001).
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TECTONIC FRAMEWORK FOR SYNTECTONIC DEPOSITION
OF THE HUALAPAI LIMESTONE
The present geometry of outcrops of the Hualapai Limestone is shown in
schematic cross-section in Figure 2. The Grand Wash fault zone was separated into two
distinct faults for this structural study: the western Grand Wash fault and the eastern
Grand Wash fault. Due to the geometry of the 50° east-tilting Wheeler Ridge within the
Grand Wash trough, at least two faults separate Gregg basin from the Colorado Plateau
(Brady et al., 2000). Both faults were interpreted and calculated separately based upon
different parameters and data, however, due to the lack of data, the fault dips have been
assumed to be the same at 70° to the west (Brady et al., 2000). The eastern Grand Wash
fault lies near the retreating escarpment of the Grand Wash Cliffs and the Paleozoic strata
has been offset between 1.8 km and 5 km (Wallace, 1999; Brady et al., 2000; Faulds et
al., 2001b). This accommodation space has been progressively filled throughout multiple
episodes of deposition.
From east to west, the schematic cross-section (Figure 2) section shows: 1) the
Grand Wash fault zone that formed the Grand Wash Cliffs at the edge of the Colorado
Plateau, with largest magnitude slip 17.5-16.5 Ma; eastern and western strands are
schematic and could reflect more distributed faulting; 2) Grand Wash trough, with an
east-thickening wedge of Hualapai Limestone, overlying progressively steeper tilted beds
of Muddy Creek Formation, then Paleozoic sediments (Wallace, 1999); 3) Wheeler fault,
with 450 m of offset of the inferred top of the Hualapai Limestone (Howard and
Bohannan, 2001); 4) an east-thickening wedge of Hualapai Limestone that goes from 12.5
m to 120 m thick and is folded in a hanging wall anticline, all underlain by tilted
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Paleozoic strata; 5) The South Virgin-White Hills-Lakeside Mine-Cyclopic detachment
fault with no evidence of post-Hualapai Limestone slip; 6) Temple basin, with a Hualapai
Limestone thickness of 100 m that thins to an eastern 12.5 m thick section over a
paleogeographic high; 7) Blind Goddess fault with a maximum 285 m of west-down
offset of Hualapai Limestone based upon an assumption of a 900 m lateral continuity
from the Grand Wash trough; 8) Detrital basin with an incomplete 17 m thick and westdipping Hualapai Limestone section which is inferred to have been thicker prior to
erosion and faulting.
Following previous workers, we restore the fault slip on the faults and reconstruct
the 6 Ma geometry of the basins by hanging all measured sections from an inferred
horizontal top of the Hualapai Limestone. Figure 4 shows the measured sections we have
hung on this inferred horizontal Hualapai Limestone top datum. We highlight and wish to
test a major critical assumption in this restoration: the topmost exposed carbonate in each
basin approximates a time equivalent (6 Ma) top carbonate unit that was deposited during
a water delivery event and just before integration of the Colorado River. In this model,
the lower parts of each basin may have evolved separately, but we assume the tops are
correlative.
This restoration shows a marked thickness variation within and between each
basin that is interpreted to be a result of syntectonic deposition in a series of active half
grabens. This trend is most marked in the Grand Wash trough which shows an eastthickening wedge with a depocenter near Grapevine Wash. This thickness variation is
interpreted to be the result of synsedimentary displacement on a strand of the Grand Wash
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fault just east of Grapevine Wash (western Grand Wash fault strand of Brady et al.
(2000)) that was overlapped late during Hualapai Limestone deposition and hence its
syntectonic character is recorded not by offset, but by the wedge-shaped basin geometry.
Similarly, the wedge shape of the Gregg basin Hualapai Limestone section suggests
syndepositional movement on the Wheeler fault as well as the 450 m of post-Hualapai
slip that offsets the top. Measured sections are thickest near the axis of a hanging wall
syncline suggesting that the depocenter was influenced both by slip of the fault and
hanging wall synclinal flexure. We conclude that during the time of lake deposition, the
active Grand Wash fault and Wheeler fault systems experienced creep and microseismic
events to create accommodation space within the basins. This is evident in the structural
offset within the deposit as well as the thickening of sediment packages towards faults.
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Figure 4. Simplified stratigraphic cross-section projected longitudinally through line B-B’
using measured sections. The two thickest sections, Grapevine Wash and Spring Wash,
are located proximal to the Grand Wash fault and the Wheeler fault, respectively. The
sections thin as the limestone is deposited over paleogeographic high points, as is seen in
the West Grand Wash trough, North Tower, and West Salt Spring Wash measured
sections.
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Additional evidence for syntectonic deposition includes growth folds, low angle
unconformities, and solution collapse features. Large- and small-scale soft sediment
deformation features include tepee structures (Figure 5), interpreted to be tectonically
activated dewatering structures indicative of a high groundwater pressure and gradient
with eventual fluid escape (Assereto and Kendall, 1977; Kendall and Warren, 1987;
Ferguson et al., 1982; Wheeler, 2002; Onasch and Kahle, 2002; Wallace, 1999). Tepee
structures have also been thought to be indicative of an evaporative environment,
especially in marine carbonates (Boggs, 1995). However, the shallow water carbonate
facies in which the structures are found eliminate this possibility. Tepee structures and
load features (Figure 6) have been observed to be up to 1.5 m high, and occur in
transitional areas where interbedded siltstone is abundant and are especially common in
Gregg basin. Wavy and contorted bedding (Figure 7) are interpreted to be seismites
(Onasch and Kahle, 2002; Wheeler, 2002). These appear to be more frequent near the
small intra-deposit faults. North-trending growth faults and folds are frequent within the
thickest limestone sections of the Grand Wash trough (as mapped by Wallace and shown
in Figure 8). At outcrop scale, bedding is thin on top of these folds, rapidly thickening
along the flanks. The total assemblage of these structures may be best explained by
syntectonic influences.
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Figure 5. Tepee structures are common within the wavy laminated limestone facies,
especially within the Grand Wash trough.

Figure 6. Load feature within the Hualapai Limestone in Grand Wash trough. These
features are indicative of tectonically activated dewatering and may be linked to
syntectonic deposition.
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Figure 7. Contorted bedding is frequent within the bases of the eastern Grand Wash
trough measured sections.

Figure 8. Growth folds (note beds thickening in the foreground) and low angle
unconformities are best explained by syntectonic deposition of shallow lacustrine
carbonate in the various basins.
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The combined evidence from thickness variations, soft sediment deformation, and
the consistent presence of shallow water facies leads to an interpretation that the Hualapai
Limestone accumulated in a subsiding lake system where accommodation space for
sediment accumulation in basin depocenters was controlled by tectonic movement along
the active basin-bounding Grand Wash and Wheeler faults as well as smaller intra-deposit
faults. Hence, these data suggest a continuum of extensional deformation at the Colorado
Plateau edge since approximately 16 Ma and ongoing slip on the Grand Wash and
Wheeler faults from 13-6 Ma. These data for the 12-6 Ma Hualapai Limestone provide a
link between the main pulse of extensional deformation (pre ~9 Ma) and ongoing
neotectonics (last 0.5 Ma) and offers insight into the geometry and kinematics of a
continuum of Basin and Range extension in this region.
One of the consequences of this interpretation of the depositional geometry and
syn- and post-depositional structural deformation of the Hualapai Limestone is that it
facilitates a tectonic analysis of the depth to detachment of listric normal faults. These
values describe an elastic thickness of the crust as it transitions to a more semi-plastic
state within the lithosphere. It has been shown that faults will sole into weak zones at
various depths and are highly influenced by fluids and magma. There have been many
structural and tectonic studies within this region, many of which highlight the listric
geometry of the large-scale basin-bounding faults (Longwell, 1945; Brady et al., 2000;
Faulds et al., 2001c; Howard and Bohannon, 2001). Listric faults have been inferred in
seismic profiles to the north and south of the Grand Wash trough in Hualapai basin
(Faulds et al., 1997) and along the Wasatch front (Smith and Bruhn, 1984). In contrast,
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Resor (2008) has proposed models for similar surface geometries (i.e. hanging wall
anticlines) produced by planar faults, and Brady et al (2000) used a model for interaction
of planar and listric faults. Karlstrom et al. (2010) show evidence for slip on weak layers
that adds an additional fault style to the interactive fault networks envisioned by Brady et
al. (2000). Hence, the subsurface geometry of faults remains to be better resolved.
Nevertheless, the approach taken here is that listric fault geometries for the major basinbounding faults seem to explain the tilted fault blocks and the wedge-shaped nature of the
intra-basin deposits of the Lake Mead region. This study uses listric fault models to
model subsurface fault geometry.
Table 1 shows the results from calculations utilizing data from maps and crosssections that can be modeled to infer the depth that listric faults merge with subhorizontal
detachments (Poblet and Bulnes, 2005). These depth to detachment calculations are based
upon the assumption that the fault geometries within the eastern Lake Mead region are
listric normal faults. These faults are inferred to be listric due to the fact that strata on the
hanging walls are consistently tilted more steeply than on the footwalls. For the case of
the Grand Wash fault zone, the east tilting of the hanging wall block is as much as 90° as
compared to the flat lying strata of the Colorado Plateau in the footwall (Faulds et al.,
2001c), with shallowing tilts up-section suggesting listric faulting. As the region
undergoes extension, the hanging wall collapses into an anticline against the fault surface.
The amount of local extension is thereby directly proportional to the area dropped below
the regional datum and the resulting depth to detachment (Figure 9). The calculations
incorporated different properties of a basin, like the amount of fault slip, bed length, and
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Table 1. Results from various depth to detachment calculations. MC is an abbreviation
for Muddy Creek Formation and HL is an abbreviation for Hualapai Limestone. For each
fault, values were calculated for the total area, which includes the Muddy Creek
Formation and the Hualapai Limestone, and the area of the Hualapai Limestone only,
except in the case of the eastern Grand Wash fault where the Hualapai Limestone was not
exposed. Most reasonable results highlighted in yellow.
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Figure 9. Main geometric parameters of rollover anticlines over listric normal faults used
to characterize the variations of fault slip, bed length, and area (modified from Poblet and
Bulnes, 2005).
other area parameters. Due to the evidence of a Hualapai Limestone hanging wall
anticline, the area dropped below the regional datum could be calculated for Gregg basin.
Additionally, for the Grand Wash trough, the approximate area of late Miocene wedgeshaped sediment packages accounted for the majority of the data for calculations.
The geometric area of late Miocene deposits was calculated for the Grand Wash
fault utilizing the thickness of the sediment packages and fault offset. Because the
Hualapai Limestone is not evident above this portion of the Grand Wash fault zone in
existing cross-sections (Brady et al., 2000; Wallace, 1999), the area calculations for this
individual unit have been omitted. The western Grand Wash fault also creates an eastern
thickening wedge-shaped basin with at least 3.5 km of offset (Brady et al., 2000). This
allows for a total area calculation of all late Miocene deposits in this portion of the Grand
Wash trough. The individual area of the Hualapai Limestone is calculated based on the
abundant outcrops within the basin.
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The Wheeler fault and Gregg basin were analyzed as an individual basin,
unrelated to movement within the Grand Wash fault zone. The dip of the Wheeler fault
was estimated from the observations of previous workers (Longwell, 1936; Brady et al.,
2000; Wallace, 1999) to be approximately 65° to the west. Brady et al. (2000) note the
total offset of Paleozoic strata along the Wheeler fault as approximately 2.1 km, and the
total thickness of the sedimentary package to be less than that value. The total area for
accommodation space within the listric and tilted half graben of Gregg basin has been
calculated as a wedge shape, with the basin depocenter at the Wheeler fault. This total
area value is the sum of the total area of the Muddy Creek Formation and the Hualapai
Limestone. The total area of the Hualapai Limestone deposit was also calculated for
Gregg basin utilizing the hanging wall anticline initially described by Howard and
Bohannon (2001).
Each depth to detachment equation yielded somewhat different results (Table 1).
The most accurate and logical values, Wheeler fault depth to detachment of 5.2 km and
Grand Wash fault zone depth to detachment of 9-11.2 km were produced from the
classical excess lost area (displacement) method originally presented by Chamberlin
(1910) and Williams and Vann (1987). Poblet and Bulnes (2005) noted the same accuracy
of results from this technique. These values are similar to depth to detachment models
developed by Smith and Bruhn (1984) and Smith et al. (1989). Smith and Bruhn (1984)
determined a depth to the frictional/quasi-plastic transition of approximately 8 km in the
eastern Basin and Range of central Utah through rheological modeling, seismic reflection
surveys, and earthquake focal depth distribution analysis. Large magnitude earthquakes
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terminate at 10-15 km. Geothermal models of the eastern Basin and Range and western
Colorado Plateau show that a high heat flow below 15 km prevents deeper focal depths.
An 80% cutoff of earthquake foci exists at 10 km. A seismic reflection profile along a 510 km detachment surface also exists beneath the region (Smith et al., 1989; Wernicke
and Axen, 1988). The data also corroborates with a calculated depth to detachment of 4.5
km on the Toroweap fault to the east on the Colorado Plateau (Crow, personal
communication, 2008).
The other equations produced questionable results. The deepest depth to
detachment value calculated was for that of the western Grand Wash fault zone,
incorporating the sum of Muddy Creek and Hualapai Limestone thickness, utilizing the
classical excess/lost area (heave) method at 41.9 km. Meanwhile, the shallowest depth
was for the Wheeler fault utilizing the classical excess/lost area (bed length) calculations.
This led to a value of 392 m to semi-plastic detachment. The errors in these calculations
lie in the assumptions that were made regarding the width of the folded Hualapai
Limestone bed length. Overall, the depth to detachment is better estimated by methods
that consider several beds rather than a single bed (Poblet and Bulnes, 2005).
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SEDIMENTOLOGIC AND GEOCHEMICAL
RESULTS AND DISCUSSION
A total of thirteen stratigraphic sections were measured from the Grand Wash
trough, Gregg basin, Temple basin, and Detrital basin. Appendix A, Appendix B, and
Appendix C contain additional information pertaining to these measured sections. The
results of the analysis of all measured section samples are compiled and tabulated in
Appendix D. A geochemical analysis identifies geochemical signatures throughout the
unit. Appendix A, Appendix D, and Appendix E provide additional methodology
information about these analyses. Geochronology was performed with tephrochronology
and detrital zircon analysis, which are more fully detailed in Appendix F and Appendix
G, respectively.

Facies Descriptions and Interpretations
Several characteristic sedimentary facies were observed from Hualapai Limestone
deposits within all of its basins: Grand Wash trough, Gregg basin, Temple basin, and
Detrital basin. Figure 10 shows locations for all measured sections. These facies include
those deposited before the Hualapai Limestone, as the sedimentary record beneath the
unit helps clarify paleogeographic origins and drainage histories. The base of the
Hualapai Limestone is defined in this study as the appearance of the first > 0.5 m thick
limestone. The basal Hualapai Limestone contact is transitional with underlying clastic
units. However, as a general interpretation, the first carbonate bed and/or evaporite beds
signal the development of lakes and marshes throughout the individual basins. Refer to
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Table 2 for a comparison of the facies identified in this study to those documented in
previous studies.
Facies 1) Found on margins of the Grand Wash trough and within Gregg basin is
the alluvial fan conglomerate, or fanglomerate, facies of the Muddy Creek Formation
(Figures 11a and 11b). This facies lies below the carbonate beds of the Hualapai
Limestone. As emphasized by earlier workers (Longwell,1946; Lucchitta, 1966), the
composition of the clasts vary for each margin and each basin, and document that the
Grand Wash trough was a closed basin during Muddy Creek time, and received only local
sedimentary input. Eastern Grand Wash trough and eastern Gregg basin conglomerates
consist of Paleozoic limestone clasts, whereas the western margin clasts are primarily
Precambrian schists and granites. These sediments were likely transported in high energy
alluvial fans. Such fans existed before but also during Hualapai Limestone deposition as
shown by interfingering of fanglomerates and carbonates at the lake margins. This facies
is noted to occur in a Paleozoic clast-rich alluvial fan that was built across the present
course of the Colorado River (Lucchitta, 1966).

32

Figure 10. Map of the eastern Lake Mead region including the location of measured
stratigraphic sections, tephra and detrital zircon samples, and the location of crosssection, B-B’.
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Table 2. Nomenclature applied to the various facies of the Hualapai Limestone by
previous authors.
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Figure11a. Proximal alluvial fan facies along Pearce Ferry Road in the Grand Wash
trough.

Figure 11b. Distal alluvial fan conglomerate interbedded with limestone along the eastern
Grand Wash trough. Facies is found along basin margins and contains gravel and cobblesized clasts of nearby schists, limestones, and sandstones within a reddish-tan carbonate
matrix.
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Facies 2) The evaporite facies consists of gypsum beds interfingered with siltstone
(Figure 12). Halite is present in adjacent areas (Faulds et al., 2001a) but is not found in
great quantity within the Hualapai Limestone. The presence of occasional carbonates and
especially evaporites low in the section implies that small playa lakes and evaporite
deposits were present and interfingering with fans and fluvial deposits. Internal lakes
became more important up-section, culminating in Paleo Lake Hualapai.

Figure 12. Evaporite facies exposure in Temple basin shows pink clays and silts
interbedded with gypsum. This facies reflects a playa lake setting before and early in the
deposition of Hualapai Limestone.
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Facies 3) Beneath and within many Hualapai Limestone deposits, is a red siltstone
facies, interpreted to be fine-grained fluvial sediment input into the lake (Figure 13). The
red to orange thinly laminated, calcareous siltstone facies is present in all studied basins,
however its character is slightly different within each. Laminae are sometimes separated
with thin (1 cm) gypsum veins (facies 2). This facies records important intervals within
the deposit in which there was input of fine clastic material causing a local hiatus of
carbonate deposition. Instead of marshy, lime mud swamps and ponds, the individual
basins were dominated by an influx of reddish clastic sediments that were deposited in a
low energy and/or evaporative setting. These sediments later lithified with carbonate
cement. In each basin, the ratio of sands, silts, and evaporite deposits varies. This
indicates that many small basins filled with sediments from highlands and eventually
coalesced into one large shallow lake. Refer to the detrital zircon section for an
interpretation of five samples of red siltstone.
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Figure 13. Red siltstone facies in Spring Wash measured section. The red siltstone facies
consists of interbedded reddish silts and sands and is indicative of a locally derived interbasin clastic depositional environment prior to and during the Hualapai Limestone
lacustrine deposits. This was the facies sampled for detrital zircon analysis

38

Facies 4) A sandy limestone facies of medium to thick, massive calcite cemented
beds with abundant stem casts and a medium to coarse grained sandy matrix is commonly
found at basin margins and centers (Figure 14). Occasionally, the sandy beds contain ripup clasts of calcite (Facies 8). Trough cross beds are found within this facies in medium
thickness and isolated beds. At basin margins, the sandy beds are poorly sorted and the
beds are structureless. This indicates an alluvial depositional setting from the margins and
highlands. In contrast, where this facies is found in basin depocenters, the bedding is
thinner, and there is a greater presence of graded bedding and sedimentary structures.
Small fluvial channels may have deposited the sandy limestone facies in the midst of the
shallow lacustrine environment of the paleogeographic lows.

Figure 14. The sandy limestone facies is found at basin margins and as occasional lenses
within measured sections near axial depocenters. This facies is characterized by poorly
sorted sands and gravels of mainly local silicate and carbonate clasts in thin discontinuous
beds (coin for scale). This facies represents subaerial shoreline and fluvial deposition of
local sediments along the margins during a Lake Hualapai lowstand.
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Facies 5) The predominant facies is the wavy laminated limestone facies, which is
interpreted to be of shallow lacustrine origin (Figure 15). This facies consists of medium
to thick (10 cm-1 m) beds of whitish wavy carbonate laminations. Laminae within the
beds range in thickness from 1-10 cm. Evidence of biologic activity is abundant
throughout this facies in the form of burrows, stromatolitic and biohermal mats of likely
microbial or algal origin (Figure 16), and bird tracks (Figure 17). Oncolites are also found
within this facies. Measuring 1-6 cm, these features are interpreted to be spheroidal
stromatolites originating from an algal-rich lake environment (Figure 18). Both oncolitic
and biohermal stromatolites are found in modern spring-fed marshes of Cuatro Cienegas,
Mexico (Routt and Farmer, 2008; Elser et al., 2006). Tepee structures (Figure 5) are often
found within wavy beds. These structures range from 10 cm to 1 m in height. Also
observed in several measured sections is the presence of limestone breccias with 1-3 cm
angular limestone clasts. These rip-up clast limestones are isolated to small pockets
within the wavy laminated limestone facies and the planar peloidal wackestone facies
(facies 6) and are mostly found within Gregg basin and Grand Wash trough. The
brecciated beds are indicative of a shallow lacustrine environment with wave activity.
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Figure 15. Wavy laminated limestone facies characterized by small wavelength (10-15
cm) laminations interpreted as carbonate algal deposits. White calcite minerals (Facies 8)
are often present in this facies.

Figure 16. Bioherms within the wavy laminated limestone facies are interpreted to
represent algal mats (stromatolites) that grew in shallow groundwater ponds similar to
Cuatro Cienegas, Mexico (Elser et al., 2006).
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Figure 17. The bird tracks found within the wavy laminated limestone facies in Grapevine
Canyon (UTM 11S 0767108 Northing, 3992236 Easting, ±3m) are considered to be the
footprints of a wading bird. Lucas (personal communication, 2010) noted similar tracks
are made by living sandpipers (Tringa hypoleucos). These trace fossils are assigned to
ichnogenus Aviadactyla, due to the presence of three toes (not four), a lack of interdigital
webbing, and the high total divarication (angle between the external digits) of about 140
degrees (S. Lucas, personal communication, 2010; Sarjeant and Reynolds, 2001).

Figure 18. Oncolites in Grapevine Canyon. These may have formed as algal coatings
surrounding a central lime mud clast or algal fragment and are representative of a
moderate-energy shoreline environment with wave action and plenty of sunlight for algal
growth.
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Facies 6) A planar peloidal wackestone facies is also abundant throughout the
basins, especially in the Grand Wash trough (Figure 19). Upon inspection with a
petrographic microscope and SEM, the facies contains a high density of peloids in a
micrite matrix (Figures 20 and 21). The peloids are interpreted to be of algal origin, rather
than a fecal origin attributed to many shallow marine carbonate sediments. This facies is
indicative of a lower energy lacustrine environment, with the peloids as detritus from
algal remains deposited in a lime mud. Beds of this facies are uniformly medium to thick
(50 cm-1 m).
Geochemically, this facies appears to be nearly entirely CaCO3. When mapped
with the microprobe, nearly all samples showed an overwhelming presence of calcium
carbonate (Figure 22). Additional information regarding the microprobe analysis can be
found in Appendix E. CaCO3 makes up an average of 99% of the facies’ chemical
content. MgCO3 contributes to 0.8% and other carbonate minerals including FeCO3,
MnCO3, BaCO3, and SrCO3 comprise an average of 0.2%.
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Figure 19. Planar peloidal wackestone facies is characterized by a light tan color, an
absence of laminations, and planar beds of medium thickness. Upon inspection with a
hand lens, this facies has occasional pellets and micrite clasts in a lime mud matrix. These
features are indicative of a shallow freshwater lacustrine environment.

Figure 20. Planar peloidal wackestone facies thin section photomicrograph show micritic
clasts within a micritic carbonate matrix.
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Figure 21. SEM images of the planar peloidal wackestone facies show vugs, micrite
intraclasts, fibrous calcite, and a predominantly calcium carbonate composition.
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Figure 22. Ternary diagram of planar peloidal wackestone facies microprobe sample
shows a predominantly calcium carbonate composition.
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Facies 7) A vuggy travertine facies exists throughout all basins that is interpreted
to be vegetated marshlands surrounding the lake (Figure 23). Beds range in thickness
from thin to thick and sedimentary structures include polygons and mudcracks. Oncolites
and stem casts are common (Figure 18 and Figure 24, respectively). Fenestral porosity is
abundant, with vugs commonly containing fibrous calcite infilling (facies 8). Zones of
solution collapse are also found among beds of this facies indicating subsurface water
movement and possible seismic activity within a paludal environment. In thin section,
this facies is distinguished by poor compaction and a vuggy texture with quartz clasts and
peloids (Figure 25). In comparison, a thin section of modern travertine collected from a
deposit within Grapevine Canyon shows a similar vuggy texture with intraclasts and
fibrous calcite (Figure 26).
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Figure 23. Vuggy travertine facies is characterized by tan and buff coloration as well as
abundant vugs. This fenestral porosity is indicative of a lacustrine shoreline environment.
The vuggy facies also commonly possesses oncolites, reed and stem casts, and burrows.

Figure 24. Reed and stem casts within the vuggy travertine facies indicate a shallow
marshy environment.
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Figure 25. Thin section microphotograph of the vuggy travertine facies shows fenestral
porosity with a lime mud matrix and micrite peloidal intraclasts. Blue areas are voids in
the thin section.

Figure 26. Thin section microphotograph of modern travertine collected from Grapevine
Canyon shows a similar texture to the Hualapai Limestone vuggy travertine facies. Blue
areas are voids in the thin section.
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Facies 8) The banded sparite facies, interpreted to be spring deposits, consists of
calcite minerals in veins, travertine flowstone, and vug infilling between and within beds
of the vuggy and wavy facies (Figure 27). Mineral infilling possesses various
characteristics. The three main morphologies of calcite infilling are: mammilary coating,
vein parallel banding, and crystalline dog tooth calcite spar. In thin section, this facies
shows interlocking calcite and laminations of light and dark mineral banding (Figure 28).
The SEM analysis shows dense calcite mineralization, and a fenestral texture with small
clasts (Figure 29). Microprobe data indicates that this facies is on average 97% CaCO3,
2.8% MgCO3, and 0.2% other carbonate minerals (Figure 30).
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Figure 27. The banded sparite facies is comprised of fibrous calcite minerals infilling
veins and beds of the Hualapai Limestone. It is interpreted to be deposits of carbonaterich spring waters.

Figure 28. Thin section photomicrograph of the banded sparite facies shows interlocking
dog tooth sparry calcite minerals and light and dark laminations indicating calcite-rich
spring water vein infilling.

51

Figure 29. SEM images of banded sparite facies show fenestral porosity and occasional
micrite intraclasts.

52

Figure 30. Ternary diagram of the banded sparite facies from microprobe analysis shows
a predominantly calcium carbonate composition.
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Facies 9) Ash-fall tuff beds are present in all examined basins and have been
noted and studied by previous authors (Wallace, 1999, Faulds et al., 2001a, Spencer et al.,
2001) (Figure 31). Beds are 10 cm to 1 m thick. Most often, tephras are grey, however
some are green, reddish, or buff colored. These units are key for chronostratigraphic
correlation of measured sections. Previous workers found tephras throughout the Grand
Wash trough and Temple basin that have constrained the age of the limestone. Refer to
the tephrochronology section for an interpretation of ash-fall tuff facies samples.

Figure 31. Ash-fall tuff beds are common throughout the Hualapai Limestone in all four
basins. Usually measuring 10-20 cm in thickness, some beds are up to 1 m thick. These
beds are key for chronostratigraphic correlation.
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Descriptions of Measured Sections and Basin Trends
The Grand Wash trough
A series of sections were measured to evaluate east-west thickness and facies
changes in the basin (Appendices B and C). Grapevine Wash, located in the depocenter of
the Grand Wash trough, contains the most extensive and thickest limestone deposit.
Three sections along the northern escarpment of Airport Mesa, known as Airport Point,
show eastward thickening of the Hualapai Limestone in the trough. The easternmost
location is the 212 m thick Grapevine Wash measured section, which is a compilation of
three correlated sections along Grapevine Canyon and the adjacent Grapevine Wash.
Wallace (1999) records two measured sections in the Grand Wash trough with similar
Hualapai Limestone thicknesses: 160 m in Grapevine Wash and 235 m southeast of
Airport Point. The highest elevation of the Hualapai Limestone within the Grand Wash
trough, and throughout any of the basins, is at the western edge of the basin at the top of
the West Trough measured section, at 900 m. The West Grand Wash trough and North
Tower measured sections are the thinnest sections within the basin, at 10 m and 11 m,
respectively. Both sections straddle the paleogeographic high between the Grand Wash
trough and Gregg basin (Figure 32).
General features throughout the Hualapai Limestone in the Grand Wash trough
include an abundance of medium to thick planar, wavy, and vuggy beds. Stem casts,
biohermal beds, and bird tracks are some of the fossil evidence present in the trough. The
western measured sections lie above fanglomerate facies and medial basin sections lie
above thick packages of pink Muddy Creek Formation and red siltstone facies with
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interbedded tephras. The red siltstone facies occurs in thicker packages within the axial
sections and in thinner interbedded sequences on the flanking sections. The sandy
limestone facies is more abundant in the medial sections as well. The eastern most
deposits of limestone at the base of the Grand Wash Cliffs, on the eastern side of the
presumed trace of the Grand Wash fault, lie above fanglomerates as well. The Grand
Wash trough limestone deposits possess less interbedded red siltstone and more tephra
beds than western basins. Also prevalent within the trough are tepee structures, some
reaching thicknesses of 1.5 m. These features commonly occur in transitional areas where
interbedded siltstone is abundant, often near the base of sections. Contorted bedding with
evidence of faulting is also observed in the Grapevine Wash measured section. It appears
to be more abundant in the lower portions of the section. All sections within this basin are
capped by multiple beds of the planar peloidal wackestone or vuggy travertine facies.

Figure 32. Growth strata in Grand Wash trough-Gregg basin convergence point between
West Grand Wash trough and North Tower measured sections. At this paleogeographic
high, the Hualapai Limestone is thin (approximately 10 m).
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Gregg basin
Within Gregg basin, the Hualapai Limestone is exposed along the eastern flank,
parallel to the adjacent Wheeler fault, within Hualapai Wash and atop several
Precambrian monadnocks on both the north and south sides of Lake Mead. Significant
relief of 350 m exists between Gregg basin and Grand Wash trough at Wheeler Ridge,
indicating post-Hualapai offset of the Wheeler fault. The highest elevation of the
Hualapai Limestone within Gregg basin is 686 m, at the top of the Spring Wash measured
section. This section possesses an eastward dip of 12 degrees, as the limestone beds dip
toward the Wheeler fault on the eastern limb of the hanging wall anticline. The northern
trend of the South Virgin-White Hills-Lakeside Mine-Cyclopic detachment fault
corresponds to a paleogeographic high that existed between Gregg basin and Temple
basin to the west.
Stratigraphic studies conducted during this investigation include two complete
measured sections, one to the east of Spring Wash and one north of Little Burro Bay, and
two incomplete sections, within Hualapai Wash and Smith Bay. The incomplete Hualapai
Wash and Smith Bay sections possess abundant red siltstone beds with thin to medium
planar and vuggy bed facies. Contorted bedding and tepee structures are present within all
of the four sections. Solution collapse structures are also found within the limestone beds
of Hualapai Wash. Within Gregg basin, there appears to be less of the wavy laminated
facies but more siltstone and angular pebble conglomerate interbeds. These facies make
up to half of the exposed section in some areas of Gregg basin. Also noteworthy is the
lack of ash-fall tuff beds that are prevalent in the Grand Wash trough section.
57

The Spring Wash measured section, located slightly east of Spring Wash, is 120
m thick. Within this section, the Hualapai Limestone is underlain by lenticular bedded
dark red coarse fluvial sands and silts. Precambrian basement monadnocks are frequent
throughout this basin indicating significant relief on the pre-Hualapai surface as localized
lakes developed in low spots between alluvial fans and fluvial channels. Small
interdeposit faults are found in this area. Red siltstone is abundant in 5-10 m packages
throughout this section indicating significant siliciclastic input. Between silt beds lie thin
to medium planar beds of limestone with biohermal beds, stem casts, and mud cracks. A
carbonate breccia exists in the planar peloidal wackestone facies at the top of the section.
The measured section north of Little Burro Bay lies along the southern flank of
the Hiller Mountains and is east of the nearby paleogeographic divide between Gregg
basin and Temple basin. Overlying the Precambrian basement of Gold Butte is the red
siltstone facies, interbedded with stem cast-rich wavy laminated limestone beds. Large
eolian sandstone beds have been observed beneath the limestone in this area as well
(Howard et al., 2003). Oncolites are also common in this section. All four sections in this
basin are capped by planar peloidal wackestone or vuggy travertine facies beds.

Temple basin
Hualapai Limestone outcrops are pervasive on the south side of Lake Mead, with
thick sections near Temple Bar and thinner sections on the north side of the lake and to
the west near the Detrital basin margin. Currently bounded to the west by the White Hills,
the Hualapai environment within the basin may have been separated from the western
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Detrital basin by this paleogeographic high. Intra-basin faults also show small scale postHualapai offset near the shoreline of Lake Mead. However, the top of the Hualapai
Limestone is fairly uniform throughout Temple basin, with the elevations of the West Salt
Spring Wash, and the Mine Road sections at 689 m, and 682 m, respectively. This basin
contains evidence of Miocene volcanism, and this is reflected within several of the
measured sections. A Miocene basalt underlies Temple Mesa on the north side of Lake
Mead with a 40Ar/39Ar date of 8.4 Ma (Howard et al., 2003). A tuff in conglomerate just
below the basalt in nearby Salt Spring Wash yielded an 40Ar/39Ar age of 10.78 ± 0.4 Ma
(Blythe, 2005).
There were two stratigraphic sections measured in the Temple Bar area within
Temple basin (Appendix B and C). The small West Salt Spring Wash section is underlain
by Miocene basalts (Faulds et al., 2008). Thin to medium planar and vuggy limestone
layers interbed with red siltstone to create a thin 12.5 meter section. This thin section is
interpreted to represent the convergence of lake waters from Gregg basin and Temple
basin at the lake‘s final highstand, as the volcanic rocks appear to reflect a northeast
trending paleogeographic high point. The limestone beds dip approximately 5° to the west
and thicken to the western side of this deposit (Figure 33). The top beds of the section are
vuggy travertine facies.
On the western side of this basin, the Hualapai Limestone overlies interbedded
Miocene volcanics, red siltstone facies, and evaporite facies in the Mine Road measured
section. This section is the thickest of the Temple basin Hualapai Limestone deposits, at
99 m thick, and predominantly consists of wavy and vuggy limestone facies, with an
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increasing frequency of interbedded red siltstone near the base. The evaporite facies is
especially thick below the first limestone bed. Burrows and 1-3 cm diameter oncolites are
common. Also of note in this region is contorted and interbedded volcanic ash and
cinders. Cinders interfinger with the ash and carbonate facies in laminated beds of sand
and volcanic gravel near the middle of this section and are more prevalent on the southern
flank of the deposit, proximal to the Miocene volcanic White Hills. Above and below ash
beds lie 10 cm limestone beds with nodular red and purple chert. This chert may be a
diagenetic product of the silicic ash beds within the limestone. Stem casts are especially
common throughout the section. Spencer et al. (1998) conducted an 40Ar/39Ar analysis of
an ash bed near the top of this deposit and found the age to be 5.97 ±0.07 Ma. The section
is capped with dog tooth banded sparite within vuggy travertine beds.

Figure 33. Growth strata in Gregg basin-Temple basin convergence point near West Salt
Spring Wash measured section. Note the thickening east to west over the Miocene
volcanic paleogeographic high. The top of this butte is also assumed to be the
depositional top of the unit.
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Detrital basin
Detrital basin possesses the smallest and least complete stratigraphic section of
Hualapai Limestone. However, the evidence that is found within this basin is an
important chapter in the region’s history. Bound to the east by the Blind Goddess fault
and to the west by the large-scale Detrital fault, Detrital basin is a major drainage and
structural feature within the northern Colorado River extensional corridor. Colorado
River cobbles were identified in this wash.
The Detrital Wash measured section (Appendix B and C) contains highly faulted
Hualapai Limestone and no intervals were found that showed both top and bottom of the
unit. A small 20 degree west dipping inselberg of Hualapai Limestone exists within
Detrital basin indicating the presence of a previously unmapped fault that offsets the
Hualapai Limestone. A 17 m thick section was measured on the eastern flank of the basin
adjacent to the Blind Goddess fault. The limestone deposit dips eastward, toward the
fault. This measured section records a thick basal evaporite facies and red siltstone facies;
however, the top of the limestone may have been eroded. The Hualapai Limestone within
the Detrital Wash section consists of medium planar peloidal wackestone beds, with some
thin wavy laminated limestone beds above a 1 m thick ash bed at the base of the unit.
Refer to the tephrochronology section for an interpretation of this ash-fall tuff bed. Stem
casts are present at the top of the section. Because of the different pre-limestone
sedimentary units and tephra, this basin evolved separately from the others until an arrival
of waters to deposit the lacustrine carbonate facies just before 6 Ma.
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Stable Isotopic Analysis
For this study, seventy-one analyses of δ13C and δ18O are reported in Appendix D
and Table 3. The δ13C data ranges from -1.75‰ to 4.25‰, with an average of 1.97‰
(Table 3). Previous studies have shown that the Hualapai Limestone has highly variable
δ13C values, ranging from 3.65‰ to -2.86‰ with an average of 1.25‰ (Figure 34)
(Wallace, 1999; Faulds et al., 2001a). Different carbonate facies found within the
Hualapai Limestone yielded slightly different mean δ13C values (Figure 35). The facies
with the largest numbers of samples, wavy laminated limestone facies and vuggy
travertine facies, are not statistically different based on Student’s t-test.
There appears to be general δ13C depletion up-section throughout the unit (Figure
36). Enriched and depleted values were distributed throughout the measured stratigraphic
sections; however, the Grapevine Wash and Spring Wash measured sections display a
general δ13C per mil decrease up-section. Depleted δ13C values may signal a freshwater
contribution, while enriched δ13C values indicate an atmospheric or mantle component to
waters (Sharp, 2007; Crossey et al., 2009). The stratigraphic trends indicates a gradual
increase in meteoric waters or changing groundwater composition near the tops of the
deposits in a hydrologically open system where input waters exceed evaporation or where
lake waters exchange carbon with the atmosphere.
There also appears to be geographic trends in the δ13C data when the basins are
compared to each other. The average δ13C value in the Grand Wash trough was 2.39‰,
whereas the average values in Gregg basin and Temple basin were 1.36‰ and 1.27‰,
respectively. The 1‰ higher average value in the Grand Wash trough may indicate
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additional endogenic water sources as the multiple segments of the Grand Wash fault
continued to experience microseismic events throughout the deposition of the Hualapai
Limestone.
The exceptionally high δ13C values have been noted in tectonically active and
magmatic regions, where the carbon is inferred to be magmatically derived (Pentecost,
2005). In carbonate lacustrine settings associated with restricted circulation, some
workers have attributed this to high organic productivity (where the organic matter has a
characteristically low δ13C value, such as -28‰; Sharp, 2007) leaving the lacustrine
dissolved inorganic carbon (DIC) isotopically enriched in δ13C. We favor a combination
of these parameters, with the initial δ13C value around -3 ‰ (Crossey et al., 2009) and 26‰ increase due to biologic activity in the lake. The restricted circulation peaks at 50 m,
where the effect reaches its maximum.
δ13C values within the Hualapai Limestone may be affected by the biologic
activity within the lake system. Biogenic carbon production increases in a hydrologically
restricted, or closed, environment (Kieniewicz and Smith, 2007). As the amount of
vegetation within the marshlands in the lake increases, the δ13C values of the DIC become
increasingly enriched. When δ13C becomes depleted, the lower values reflect a more open
hydrologic system, where an outlet is present. The stratigraphic trend from 0-50 m shows
a restricted lake system with increasing biologic activity. From 50 m to the tops of the
measured sections, the trend shifts to a more open hydrologic system and less biologic
influence in the δ13C values.
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Table 3. Stable isotope values for the Hualapai Limestone.
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Figure 34. Graph of δ18O versus δ13C highlights the sample suite of Hualapai Limestone
in select measured sections of this study and from Faulds et al. (2001a). δ18O values vary
from 15 to 0, but with most values between -13 and -8‰. Near-zero values are from
evaporite samples by Wallace (1999). δ13C values vary from 4.5 to -3‰, with most
values heavier than zero.
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Figure 35. Facies δ13C and δ18O histograms show the distribution of values and the
relationships between facies and the C and O isotopic compositions. This data range is
similar to previous studies. The lack of correspondence of isotopic values to specific
facies suggests stable isotope variation is due to external factors such as water
temperature and lake water composition.
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Figure 36. Graph of δ13C versus stratigraphic height shows general trends of C isotope
depletion up-section and through time. The Grand Wash trough Grapevine Wash
measured section shows a large variation in δ13C values at the bottom of the section.
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The δ18O values also show a large range of values, with an average of -10.70‰, a
minimum of -13.32‰, and a maximum of -3.44‰. Wallace and others showed that the
Hualapai Limestone possessed generally low δ18O values, ranging from -15‰ to -9‰ to
with an average of -11‰ (Wallace, 1999; Faulds et al., 2001a). The population of δ18O
values are displayed in histograms (Figure 35). As with the carbon results, Student’s t-test
indicates that the facies are not statistically distinguishable.
In stratigraphic context, the Hualapai Limestone δ18O samples also follow a trend
of decreasing values up-section (Figures 37 and 38). Depleted δ18O values often indicate
meteoric and young aquifer waters and enriched δ18O are commonly found in fault
derived carbonate-rich fluids and evaporative environments (Sharp, 2007; Crossey et al.,
2006). The stratigraphic trends indicate a large freshwater component, then reflect a more
evaporative environment, and then return to the freshwater sources.
Lateral trends also exist within the δ18O sample data. Average values for the
Grand Wash trough are -10.51‰, Gregg basin average values are -10.76‰, and Temple
basin average values are -11.44‰. This reflects a more depleted freshwater signal in the
western Hualapai Limestone. δ18O depleted values in the western basins may indicate the
influx of freshwaters from the higher elevations and more distal source regions.
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Figure 37. Graph of δ18O versus stratigraphic height shows that stable O isotopes yield
consistent results: similar ranges are noted in different locations throughout the three
analyzed basins and exhibit stratigraphic and temporal control.
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Figure 38. Generalized stratigraphic cross-section of Hualapai Limestone and
corresponding δ18O data. Measured sections projected to B-B’ cross-section line and
restored to datum elevation: restored top of Hualapai Limestone in Grand Wash trough,
900 m. PDB: PeeDee Belemnite. Oxygen stable isotope data are available in Appendix D.
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The range in oxygen isotopic composition is characteristic of continental settings.
Early workers ruled out a marine setting, which would be much more enriched in δ18O
(~0‰). If one assumed the isotopic composition of the lake fluids were constant
throughout Hualapai Limestone deposition, an unreasonable temperature change would
be required (over 40° C). It is likely that both the temperature and lake fluid composition
varied during Hualapai deposition. These isotopic vales and trends are consistent with an
initial lake composition of -14 to -12‰ δ18O relative to SMOW, peaking at precipitated
calcite values of -8‰ due to a combination of higher groundwater fraction in the lake
coupled with some evaporative enrichment, and an approximately 10° C increase in
temperature.
The δ18O variations are interpreted in terms of other waters. As shown in Table 4,
seawater δ18O values are approximately 0‰, while inland surface waters are variable and
have δ18O values that range from 12‰ to -7‰ (Pentecost, 2005; Sharp, 2007; Clark and
Fritz, 1997; Dettman et al., 2004). Lake Mead (Colorado River water) has an average
value of -12‰ (Dettman et al., 2004). Modern travertine-depositing springs in the Grand
Canyon have δ18O values of -8‰ to -11‰, and Quaternary Grand Canyon travertines
have values of -8.5‰ to -13.7‰ (Lyons, 2005; O’Brien et al., 2006; Crossey et al., 2006).
Modern Grand Canyon travertines from Havasu Canyon (O’Brien et al., 2006) and
Travertine Grotto (Lyons, 2005) and Grand Canyon region springs (Crossey et al., 2006)
share a similar distribution with Hualapai Limestone samples (Figure 39), indicating a
similar origin of mixed meteoric water and groundwater (Crossey et al., 2010).
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Table 4. Stable carbon and oxygen isotopic values of the Hualapai Limestone as
compared to previous studies, Grand Canyon travertine values, and other more distant
values.
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Figure 39. Hualapai Limestone stable isotope data from all facies and locations is
compared to a range of modern Havasu Canyon travertine data (O’Brien et al., 2008).
Modern carbonate-depositing waters in Havasu Creek, Grand Canyon. Mean annual
stream T ~15oC, d18OSMOW=-12. Grand Canyon travertines share a similar distribution
with Hualapai Limestone samples. (Hualapai Limestone data from Table 3, modern
Havasu travertine data from O’Brien et al., 2008.)
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Radiogenic Sr Isotopic Analysis
87

Sr/86Sr values within the three basins examined in this study show decreasing

values up-section and to the west (Figure 40). This is consistent with previous studies
(Roskowski et al., 2010) but also expands the range of Hualapai Limestone values to
include less radiogenic values that are similar to the downstream Bouse deposits (Table
5). The average value of the seventeen analyzed samples was 0.7143, with minimum and
maximum values of 0.7114 and 0.7193, respectively. 87Sr/86Sr values, along with a 1sigma standard error and standard runs are reported in Appendix D. Within the Grapevine
Wash measured section in the Grand Wash trough, the basal clastic red siltstone facies
sample had a high 87Sr/86Sr value of 0.7193. The planar peloidal wackestone facies at the
top of the section had a low value of 0.7119. The decreasing values continued upward in
this section, except for one low mid-section value of 0.7114 within the wavy laminated
limestone facies. Near the highest elevation of the Hualapai Limestone, on the western
side of the trough, two samples record lower 87Sr/86Sr values of 0.7146 and 0.7127. The
Hualapai Wash sample in Gregg basin had a value of 0.7114. Within the Spring Wash
measured section, there is a trend of increasing 87Sr/86Sr values. A vuggy travertine near
the base of the section has a value of 0.7147, and another two samples up-section are
similar. The top of the measured section is defined by a planar peloidal wackestone facies
sample displaying carbonate breccias and mudcracks with an 87Sr/86Sr value of 0.7193,
the highest value of the entire suite. The western Mine Road measured stratigraphic
section in Temple basin had two samples with similar values despite their stratigraphic
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distance of 60 m. In this instance the lower wavy laminated limestone facies sample
(0.7144) had a similar value to a sample of the banded sparite facies (0.7142).

Figure 40. Graph of 87Sr/86Sr versus stratigraphic height shows a trend toward more
radiogenic Sr at the base of the section, then a reversal above 50 m to decreasing 87Sr/86Sr
values up-section. The stratigraphic tops show a wide Sr variability. This identifies local
geochemical signals from radiogenic sources within the lake system (like faults and
springs) and argues against a well mixed lake in the final stages of Hualapai Limestone
deposition.
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This analysis allows for a general classification of facies in terms of endogenic
spring components. However, as in the stable carbon and oxygen isotopic analysis,
correlation between facies types and geochemical signature is not as strong as the upsection stratigraphic trends. In general, the wavy laminated limestone facies has lower
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Sr/86Sr values while the banded sparite facies has higher values, though not as high as

expected for the locations sampled. The presence of high values within this facies implies
that there was a strong endogenic component in the fluids from faults within and adjacent
to the deposit.

Table 5. Radiogenic Sr isotope values for the Hualapai Limestone. Samples sorted from
east to west.
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Previous workers have also established that the 87Sr/86Sr of the Hualapai
Limestone is higher than that of modern Colorado River water (Spencer and Patchett,
1997). Additionally, 87Sr/86Sr values of the modern Colorado River increase downstream
(Figure 41) (Gross et al., 2001; Patchett and Spencer, 2001). Crossey et al. (2009) showed
that this was likely due to groundwater contributions of Grand Canyon radiogenic fluidrich springs to Colorado River waters. The elevated 87Sr/86Sr in Grand Canyon springs
(ranging from 0.711 to 0.734) may have originated from a mixing of aquifer waters with
< 5% to 10% of endogenic waters containing an elevated 87Sr/86Sr value of 0.748. Such a
mixing would have been likely within the Precambrian granitic basement rocks of the
inner gorges (Crossey et al., 2006; 2009). Moreover, eastern Grand Canyon springs reflect
lower 87Sr/86Sr content than downstream and western Grand Canyon springs due to the
composition of the local Yavapai Province basement rocks versus the higher radiogenic
crust of the western Mojave Province rocks (Karlstrom et al., 2002; Crossey et al., 2006;
Crossey et al., 2009). Local volcanism is another source of endogenic waters, causing an
increase in CO2 and the corrosive powers of aquifer waters (Crossey et al., 2009). Hence,
we use 87Sr/86Sr to show the extent of mixing of the waters from endogenic versus
epigenic sources in Hualapai carbonates.
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Figure 41. Radiogenic Sr value ranges along the Colorado River from Lees Ferry,
Arizona to the Gulf of California (data from Bills et al., 2005; Monroe et al., 2005;
Crossey et al., 2006; modified from Crossey et al., 2009). Basement shear zones
separating crustal blocks are: CSZ-Crystal shear zone, GSZ-Gneiss Canyon shear zone;
solid fault represents Hurricane-Toroweap active normal faults. Spring abbreviations: Gr
Grapevine, Pu-Pumpkin, Sp-Spencer, Su-Surprise, TF-Travertine Falls, TG-Travertine
Grotto springs. 87Sr/86Sr values of Colorado River water, shown with thick black line,
reflect an increasing trend through the Grand Canyon and the eastern Lake Mead region,
due to the contact with granitic basements and endogenic spring input, then a decreasing
trend to the gulf. The thin blue, red, and black lines within the Hualapai Limestone
composition range represent the ranges of the Grapevine Wash, Spring Wash, and Mine
Road measured sections geochemical sample ranges, respectively, which become less
radiogenic up-section and towards the west.

78

According to previous models, the top of the Hualapai Limestone throughout all
its basins records an expansive lake system. During this highstand, the lake waters would
possess a consistent signature and that would be reflected in the topmost beds in each
basin. In this study, there appears to be no such unique 87Sr/86Sr signature for such a
highstand. The samples in each measured stratigraphic section show a wide variability in
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Sr/86Sr values relative to stratigraphic height, highlighting local sources for endogenic-

rich fluids. Instead of a long term and extensive highstand, each basin evolved and filled
with shallow limestone deposits independently prior to the proposed incursion of proto
Colorado River waters.

Tephrochronology
Additional geochronology is needed to test the time correlations between separate
basins. We attempted to improve this geochronology database by sampling nineteen
tephras and potential tephras. For this study, refer to Appendix F for analysis and all
reported values. Six samples were submitted to the USGS Tephrochronology Lab, four
samples contained glass and were analyzed in order to test the chronostratigraphy of each
basin. Figure 10 shows the locations and sample numbers of these samples.
One tephra sample was successfully correlated and had a chemical match with a
tephra derived from the Snake River Caldera hot spot of Southern Idaho. This sample is
located within a Hualapai Limestone basal carbonate several meters above carbonate-red
siltstone contact in Grapevine Wash and two meters below the tephra dated by Wallace
(1999) to be 11.08 ± 0.27 Ma. The closest matches fall within an age range of 12.0779

11.31 Ma, based on correlations to 40Ar/39Ar dated samples from the Trapper Creek
section of south-central Idaho (E. Wan, personal communication, 2010). This new date
extends the previously reported oldest age of the Hualapai Limestone and shows earlier
lacustrine deposition in the Grand Wash trough. Using the Faulds et al. (2001a) 7.43 ±
0.22 Ma age near the top, the 212 m Grapevine Wash section was deposited between 1112 Ma and 7.43 Ma, yielding an average accumulation rate of 45 m/Ma.
Two additional samples, a tephra in the middle of the Temple basin Mine Road
measured section and a tephra at the base of the Detrital basin carbonate section, did not
have age correlations to the USGS Tephrochronology database but had closest chemical
correlations to each other (similarity coefficient ~0.947; computed by E. Wan, see
Appendix F). This indicates that while half the carbonate section had accumulated in
Temple basin, Detrital basin had just begun carbonate deposition. This could have been
caused by paleo lake waters spilling over from Temple to Detrital basin.
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Detrital Zircon Analysis of the Red Siltstone Facies
This section reports detrital zircon analysis of the red siltstone facies to test two
conflicting models for the Hualapai Limestone. Refer to Appendix G for methodology
and data tables. The prevailing model is that the Hualapai Limestone, like the
immediately underlying Muddy Creek Formation, is locally derived and pre-dates arrival
of the Colorado River and other major drainages from the Colorado Plateau to the east
(Blair and Armstrong, 1979; Lucchitta, 1966). This has been a long held constraint for
interpretations of a less than 6 Ma integration of the Colorado River through Grand
Canyon (Lucchitta, 2010; Pederson, 2008). Alternate interpretations suggest that Grand
Canyon may be as old as 17 Ma (Polyak et al., 2008) or that there may have been a
significant Miocene-Pliocene paleo drainage that had cut deeply into western Grand
Canyon, west of the Kaibab uplift, before integration across the Kaibab uplift at 6 Ma
(Young, 2008). These latter models predict that the Colorado Plateau would provide a
significant provenance for detrital input into the Grand Wash trough, even before full
integration of Rocky Mountain drainages across the Kaibab Uplift.
The red siltstone facies of the Hualapai Limestone offers an important test for
these alternate models because this facies represents fine grained detritus that is
gradational with the underlying Muddy Creek Formation and interfingers with Hualapai
Limestone deposition through much of the section. Hence, it offers a good record of the
nature of the detritus entering the Grand Wash trough from 13-6 Ma (Lopez Pearce et al.,
2010).
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Figure 42 (A-E) shows three new detrital zircon samples from Grand Wash
trough, one new sample from Gregg basin, and one new sample from Temple basin.
These data are shown adjacent to reference curves (Figure 42, F-H) from the nearby
Colorado Plateau strata (Gehrels et al., 2010.), and the modern Colorado and Virgin River
sands (Kimbrough et al., 2010). Additional details of the detrital zircon analyses are
available in Appendix G. A stratigraphic context for the samples is available in Appendix
C.
Sample K09-HUAL-13 was collected from the upper Muddy Creek Formation in
the Pearce Ferry area, from the eastern side of the Grand Wash trough directly in the path
of the present Colorado River from a sandstone bed just below a 13.11 Ma ash (Figure
10). Its detrital zircon age probability plot shows two modes: one Paleoproterozoic (16801760 Ma) and the other Mesoproterozoic (strong 1380 Ma peak) (Figure 42). It resembles
the Tapeats Sandstone and Bright Angel Shale of the Grand Canyon but the
Mesoproterozoic peak is 1385 Ma in the former rather than 1430 Ma in the latter. It
contains no Phanerozoic zircon grains from the Mississippian Surprise Valley to the
Permian Kaibab Formation, all of which are present in the adjacent Grand Wash Cliffs
and vicinity. These samples also do not contain 1430-1450 Ma grains from the Gold
Butte granite to the northwest. Thus, these sediments are not likely to have been derived
from the Colorado Plateau to the east or Gold Butte block to the northwest.
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Figure 42. Age probability plots of detrital zircon samples from the red siltstone from this
study (left) compared to the modern Colorado River reference section from Kimbrough et
al.(2010) and Colorado Plateau Paleozoic rock reference section (Gehrels et al., 2010).
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Sample K09-HUAL-20 and K09-HUAL-21 were collected from the western
margin of the Grand Wash trough, just east of the Wheeler fault. Sample K09-HUAL-21
is from fanglomerates of the Muddy Creek Formation just beneath the thin Hualapai
Limestone top, sample K09-HUAL-20 is from Hualapai Limestone red siltstone facies
just above the fanglomerate facies and just below the very thin Hualapai Limestone
measured section West Grand Wash trough (Figure 10). Thus, this sample is from near
the ~ 6 Ma top of the Hualapai Limestone. The detrital zircon probability plot shows the
same 1380 and 1700 Proterozoic modes as the eastern Grand Wash trough sample, with
just a few Paleozoic and Mesozoic grains in sample K09-HUAL-20 that could be from
the directly underlying Pennsylvanian to Permian rocks in Wheeler Ridge or other tilt
blocks (Figure 42).
To evaluate the Proterozoic modes, Figure 43 shows a map of modern
Paleoproterozoic and Mesoproterozoic outcrops. The 1740-1600 Ma grains are not
diagnostic of a source region, as this age of basement is common throughout the region
and such grains could have been derived from Grand Canyon, the Mojave, or the Arizona
Transition zone.
The 1380 Mesoproterozoic grains are more unique. Granites of this age are
relatively uncommon, as most of the 1.4 Ga granites in the region are 1420-1450 Ma,
including the 1450 Ma Gold Butte Granite (Silver et al., 1977). However, the Lower
Granite Gorge has the 1375 Ma Quartermaster Granite (Karlstrom et al., 2003) presently
exposed at river level from river mile 250-260, the 1370 to 1380 Ma Peacock Mountain
Granite (Albin et al., 1991), and the 1335 Ma Holy Moses Granite near Kingman
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(Anderson, 1989). Figure 44 shows that sample K09-HUAL-13 is low enough elevation
to have been sourced by Quartermaster Granite if a deep paleo canyon existed (Young,
2008), but this is precluded for this sample by the absence of Paleozoic detrital grains and
the absence of 1840 Ma and Archean grains that are common in the Vishnu Schist
(Shufeldt et al., in review). Sample K09-HUAL-20 contains some Paleozoic detritus, but
is about 500 m too high in elevation to have been sourced by Quartermaster Granite from
Grand Canyon according to Colorado River reconstructions (Karlstrom et al., 2008).
The data from the combined samples from Grand Wash trough indicate that from
13 -6 Ma, there was no detrital input from the east side into the Grand Wash tough.
Fanglomerates are filled with Gold Butte boulders, but the lack of 1450 Ma grains in the
red siltstone suggests Gold Butte was not its provenance. Instead, detrital grain analysis is
most consistent with a low energy fluvial system sourced to the south, in the Kingman
Arch, that was supplying detrital input into an internally drained Grand Wash trough. The
Kingman Arch contains 1390 Ma plutons and 1680-1750 Ma Paleoproterozoic basement
(Anderson and Bender, 1989). Thus our data uphold the “Muddy Creek constraint” for a
< 6 Ma Grand Canyon.
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Figure 43. Generalized geology of Proterozoic rocks in northwestern Arizona, southern
Nevada, and southeastern California including detrital zircon samples from two studies
and highlighted granite source areas (original data from Reynolds, 1988; Albin and
Karlstrom, 1991; modified from Karlstrom et al., 2002).
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Figure 44. Longitudinal Colorado River incision profile through Grand Canyon with
detrital zircon sample locations (modified from Karlstrom et al., 2008).
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Additional samples were collected from the Gregg and Temple basins. Sample K08-HUAl-1 was from just above the 6 Ma ash in Temple basin and sample K-08-HUAL10 was from near the base of the Spring Wash measured section in Gregg basin. These
detrital zircon patterns are similar to each other and markedly different from all the
samples from Grand Wash trough. Note that the 1380 Ma peak seen in Grand Wash
trough samples does not match well with the 1430 Ma and 1380 Ma double peak seen in
western samples. These patterns are similar from the modern Colorado River and Virgin
River sands, however, the large peaks in Mesoproterozoic (1.2-1.0 Ga), late
Neoproterozoic (650-550 Ma) grains, and abundant Paleozoic detritus is unlikely to have
come from the west, as no such grains appear in the time correlative Grand Wash trough
samples directly to the east. Instead, all of these ages are present in the Death Valley
region to the west, and we infer westerly sources for these basins. The sample from
Spring Wash (sample K-08-HUAL-10) also resembles the western samples and suggests
detrital connection between these basins from about 6 Ma.
Collectively, these data indicate that different basins (Grand Wash trough versus
Gregg and Temple basins) had separate detrital sources from 13-6 Ma, suggesting
separate depositional basins for this time. Models for a deep paleo canyon cut into the
Colorado Plateau are precluded by the lack of easterly derived detrital grains in Grand
Wash trough. A Paleo Virgin River could also have been an important source of detritus
for the western Hualapai basins.

88

Paleogeographic reconstructions of Paleo Lake Hualapai
The late-Miocene Hualapai Limestone of the Lake Mead region represents a long
lived carbonate and saline lake environment that existed in a series of initially separate
tectonic Basin and Range rift basins at the base of the Grand Wash Cliffs prior to the
arrival of the Colorado River (Figures 45a, 45b, and 46). This system was characterized,
over about 6 Ma, by an open through flowing hydrologic system (as documented by the
relative lack of evaporites), and water chemistry that is similar to modern day Havasu
Springs groundwater. Like the modern groundwater, these waters were saturated with
respect to calcite and had high alkalinity. They represented a mixture of dilute meteoric
waters and deeply derived endogenic fluids that travelled along faults and acquired high
salinity, excess CO2, elevated radiogenic Sr ratios, and 3He/4He ratios, suggesting a
mantle contribution to the fluids. Depleted δ13C and δ18O values showed the presence of
freshwaters that were mainly sourced from high elevations. 87Sr/86Sr values are higher
than modern river water, but similar to western Grand Canyon spring waters supporting a
groundwater source for the waters that deposited the Hualapai Limestone.
The carbonate production for Paleo Lake Hualapai was possibly a combination of
inorganically precipitated carbonate, reworked detrital carbonate, biogenic carbonate
from skeletal remains and plant respiration, and diagenetic carbonate. The shallow nature
of the lake system also promoted carbonate production due to solar heating of the shallow
lake waters and the abundance of plants and algae in the photic zone which removed CO2
and baffled and trapped fine muds (Tucker and Wright, 1990). Due to the abundance of
algae in the deposit as seen in the wavy laminated facies, it is inferred that the majority of
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the lake system remained in the relatively shallow photic zone or sublittoral zone
throughout its history. However, evidence of reed and stem casts throughout the deposit
indicate marginal littoral zones of rooted plants as well. Fossil tracks of wading birds
attest to a shallow lake system. The modern spring-fed marshes at Cuatro Cienegas,
Mexico contain many analogous features (Elser et al., 2006; Routt and Farmer, 2008).
The Hualapai Limestone carbonate lake system is a unique feature of the eastern
Lake Mead region due to the fact that it is surrounded by synchronous evaporite deposits
in adjacent basins. While shallow carbonate lakes were developing within the Grand
Wash trough, Gregg basin, Temple basin, and Detrital basin, Hualapai basin to the south
was accumulating a 2.5 km thick halite deposit in a playa lake setting (Faulds et al., 1997;
Faulds et al., 2001b). Additionally, there are evaporite deposits found to the west of the
Hualapai Limestone in western Detrital basin and to the north in the Overton Arm of
present day Lake Mead (Faulds et al., 2008). It appears that the conditions and geographic
proximity to a carbonate aquifer were not adequate to create carbonate systems in the
Hualapai basin, western Detrital basin, or the Overton Arm.
The stratigraphy and distribution of the Hualapai Limestone are consistent with a
series of internally drained lakes or wetland basins coalescing to form a larger lake.
Initially deposited in multiple closed hydrologic systems with clastic sediments derived
from southern and western highlands and carbonate accumulation through springs and
local meteoric waters, the lake environment evolved into an open hydrologic system.
Evaporites are most common at the base of the sections of each basin, indicating an
initially evaporative system. This system experienced an influx of additional waters and
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changed to an open, through flowing, carbonate system. Stratigraphically, the thick
carbonate beds and planar peloidal wackestone facies become more abundant up-section.
The greater control on the geochemical changes within the Hualapai lake system
appears to be time, not depositional environment (Figure 47). There are trends of general
δ13C depletion up-section, as well as δ13C depletion from east to west. This shows an
increasing meteoric component, unlike river water, as the lake expanded and developed.
Additionally, δ18O depletion occurs up-section. This trend is also carried laterally from
east to west. This, too, shows increasing meteoric component in the system. However,
when all sampled Hualapai section tops are compared, a wide range of oxygen and carbon
stable isotope values are noted (Figures 48a and 48b). 87Sr/86Sr values show a wide range
in the Hualapai lake system and generally decrease up-section and from east to west.
These trends may indicate decreased endogenic spring input through time or that western
basins received Paleo Virgin River water whereas the Grand Wash trough had more
springs. An additional trend shows relatively higher 87Sr/86Sr values in measured sections
adjacent to faults. A wide variation in 87Sr/86Sr values is obtained from section tops. If all
section tops represent the culmination of Lake Hualapai, the geochemistry does not
reflect a well mixed lake at the end of carbonate deposition.
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Figure 45a. Paleogeography of early Paleo Lake Hualapai (modified from Lucchitta,
1966). These facies are superimposed on early and contemporaneous alluvial fan
conglomerate facies.
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Figure 45b. Paleogeography map of mid to late Paleo Lake Hualapai (modified from
Lucchitta, 1966).
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Figure 46. Early and mid to late paleogeography of Paleo Lake Hualapai schematic crosssection.
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Figure 47. The geochemical analyses of the Hualapai Limestone show overall trends of
initial increases in δ13C, δ18O, and 87Sr/86Sr values during the Early Hualapai mode, then
overall decreasing in values during the mid to late Hualapai mode.
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Figure 48a. Graph of δ13C versus stratigraphic height shows general trends of C isotope
depletion up-section and through time. However, the section tops reflect a lack of mixing
within the highstand lake waters.

Figure 48b. Graph of δ18O versus stratigraphic height reflects that while trends exist
within stratigraphic measured sections, section tops show wide variation. This indicates
poorly mixed lake waters.
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Implications for the Colorado River System
The premise of many published models is that the Hualapai Limestone preserves
a record of hydrochemical changes that led to the integration of the Colorado River. Table
6 summarizes our new data in the context of various models for Colorado River
integration.
Headward erosion models suggest that a lower proto Colorado River encountered
and captured an upper proto Colorado River approximately 5 to 6 Ma. For the model of a
headward eroding Paleo Colorado River to be valid, it would need to satisfy several
geologic and geochemical requirements put forth from the Hualapai Limestone’s
sedimentary and isotopic signatures (Table 6). The upper proto river may have had a
similar geochemical signature to the modern Colorado River and would have been fed by
a combination of meteoric waters and springs along its course and thereby would have
had depleted δ13C values from freshwater sources, and depleted δ18O values from
meteoric waters. The headward eroding lower proto river may have had additional spring
input and been more geochemically similar to Havasu Spring in the Grand Canyon.
Modern Grand Canyon travertine-depositing springs like Havasu Spring have been shown
to possess multiple components that include a rapidly recharging aquifer, an aquifer
system with a longer residence time, high CO2, HCO3, SO4, CO3 and salinity values, and
mantle derived fluids entering the system along active faults (Crossey et al., 2006). The
waters may have had higher 87Sr/86Sr values, depending on the proximity to faults and the
Precambrian basement. However, the rivers would also have been sediment laden from
channel incision. Once joined, the streams may have had isotopic signatures similar to
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that of the upper layers of the Hualapai Limestone but not the sedimentary signatures, as
the upper Hualapai Limestone contains very little clastic content.
Piping of river water through caves has also been postulated (Hunt, 1956; Hill et
al., 2008; Polyak et al., 2008; Pederson, 2008). Karst systems through the carbonate
formations of the Colorado Plateau have long been known as regional aquifers. Solution
collapse features such as mineralized breccia pipes within the Redwall Limestone are
abundant throughout the plateau region. Speleothems from local caverns record the
lowering of the regional aquifers in response to climate and river incision. Prior to the
subaerial arrival of the Colorado River system, a complex aquifer flow system may have
transported waters to the western plateau margin, contributing waters to Paleo Lake
Hualapai and the subsequent downstream lakes until finally merging with Rocky
Mountain waters in the late Miocene. Hill et al. (2008) proposes: ―…karst waters…could
have gone under the Kaibab arch to discharge on the western side of the uplift.‖
Meanwhile, ―…the Little Colorado River flowed into the collapsing sinkhole at the
Confluence.‖ Finally, ―…reversal of drainage in the Marble Canyon from the Confluence
all the way to Glen Lake…The breaching of Glen Lake produced the ‗final connection‘.
In another view, Pederson (2008) states: ―…a relatively meager Paleo Colorado River
made its way to the central western Grand Canyon region and infiltrated into the
cavernous Paleozoic limestones that dominate the bedrock there.‖
If this were the case for the origins of the final highstand of Lake Hualapai, one
would expect to see geochemical values indicating highly concentrated carbonate waters
from the Redwall karst aquifer with enriched δ13C values from mantle components,
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enriched δ18O values from carbonate-rich fault derived fluids, and high 87Sr/86Sr values
from the interaction of groundwaters with the Precambrian basement (Table 6). Crossey
et al., (2006) report 87Sr/86Sr values of 0.706 to 0.710 for the modern Redwall Muav
aquifer. The Hualapai Limestone stable isotopes do not match these values, although the
elevated 87Sr/86Sr ratio values of the model are similar to the unit.
Meek and Douglass (2001) and others have suggested that the upper Paleo
Colorado River headed southward through Glen Canyon and Marble Canyon,
encountered the Kaibab Plateau and took a southeastward trajectory along the current
course of the Little Colorado River to deposit sediments in Paleo Lake Bidahochi. The Sr
isotopic analysis of Gross et al. (2001) confirms that the sediments of Paleo Lake
Bidahochi appear to have Sr ratios similar to that of Colorado River water. The Rocky
Mountain streams prograded southwestward and a large-scale water delivery event from
Paleo Lake Bidahochi filled Paleo Lake Hualapai and began a subsequent chain of
cascading lakes into the young Gulf of California (Meek and Douglass, 2001; Spencer
and Pearthree, 2001). For Lake Bidahochi waters to have spilled over the Grand Wash
Cliffs and created the influx of waters necessary to flood the basins of Lake Hualapai,
these waters would have left a unique geochemical signature with the Hualapai Limestone
deposit (Table 6). This signature would have included depleted δ13C values from
freshwater origins, depleted δ18O values from meteoric waters, and low 87Sr/86Sr values
because these waters would not have had much interaction with basement or deeply
derived fluids. This is not the geochemical signature of the Hualapai Limestone, however.
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Because of 87Sr/86Sr variability in the stratigraphic tops, we cannot support models
that the top Hualapai Limestone carbonate represents time correlative units in a well
mixed lake. Hence, lake spill over is not recorded in the carbonate geochemistry.

Table 6. The geochemical signatures of the Hualapai Limestone versus the various
models for Colorado River integration.
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Whereas the sedimentology and geochemistry of the Hualapai Limestone does not
follow any preexisting model precisely, a new model may be created for the origins of
Lake Hualapai and Colorado River integration. We propose that groundwater sapping
may have caused the accumulation of waters in the Lake Mead region to deposit the
Hualapai Limestone and helped localize the course of the Colorado River in the Grand
Canyon. Wallace (1999) and Faulds et al. (2001a) also proposed a groundwater source for
the Hualapai Limestone; however, they attributed the waters to normal aquifer discharge
or a possible relationship to headward erosion. Through the comparative analysis of
waters, the chemistry of the Hualapai Limestone is most similar to modern springs and
Redwall-Muav groundwater of the Colorado Plateau. Hence, the springs that fed Paleo
Lake Hualapai were similar to the hydrologic system that exists today, with far traveled
groundwaters from the Colorado Plateau venting near the Grand Wash Cliffs. The onset
of these venting groundwaters was caused by the lowering of the Basin and Range on the
Grand Wash fault, causing the dissection of the aquifer system. This occurred around 17
Ma and subsequently caused the lowering of the water table at Grand Canyon Caverns,
producing the 17 Ma U-Pb speleothem date (Polyak et al., 2008). Later development of
the volcanic San Francisco Peaks increased the endogenic influence to groundwater
systems and made groundwaters more corrosive. This caused increased karst flow though
the Redwall-Muav aquifer and increased high elevation recharge, thereby increasing
groundwater venting into the Grand Wash trough region.
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SUMMARY AND CONCLUSIONS
Basins of the eastern Lake Mead region record a Miocene to Pliocene tectonic and
sedimentologic history. Thickness variations in a regional east-west transect show
depocenters at the eastern side of basin half grabens and indicate that the Hualapai
Limestone was deposited syntectonically relative to progressive normal faulting on the
Grand Wash and Wheeler fault zones from 12-6 Ma. For the Grand Wash fault zone, this
suggests at least 300 meters of west down slip in small events or creep from 12-6 Ma, and
refutes models that this zone was inactive after 12 Ma. Gregg basin shows limestone
thickness variations indicative of synsedimentary slip of 150 meters on the Wheeler fault
prior to the observed 300 meters of post Hualapai Limestone offset. Soft sediment
deformation in the form of wavy and contorted layers (seismites), growth folds, and faults
are common throughout the section and indicate that Hualapai Limestone deposition was
syntectonic with respect to continued normal faulting. Hanging wall anticlines adjacent to
faults and fault plane measurements suggest the main basin bounding faults are listric.
Cross-sections and depth to detachment calculations suggest that they merge downwards
with low angle detachments at depths of approximately 5-11 km in the crust.
There are dramatic Hualapai Limestone thickness variations within the Grand
Wash trough, Gregg basin, and Temple basin. For example, from west to east within the
Grand Wash trough, the unit thickens from 10 to 212 meters. Facies trends indicate an
overall transition from evaporite to siliciclastic low energy fluvial red siltstones, to marsh,
to deeper water carbonate deposition up-section in each basin indicating changes in
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paleohydrology and tectonic accommodation space due to active faulting and changing
hydrologic regimes.
Pre-carbonate units differ in each basin indicating that depocenters developed
initially independently of each other. In Grand Wash trough, fanglomerate clast
compositions differ from Paleozoic clast dominated in the east, to Precambrian clast
dominated in the west. Detrital zircon analysis from the red siltstone facies that generally
underlies but interfingers with carbonates shows a bimodal age probability spectrum with
peaks at 1380 Ma and 1700 Ma. The lack of Phanerozoic grains indicates that there was
not a major drainage entering Grand Wash trough from the east (Colorado Plateau) prior
to capping units of the Hualapai Limestone (5-6 Ma). This also rules out models for large
precursor western Grand Canyon (Young, 2008). Thus, we confirm the long held Muddy
Creek constraint on the 6 Ma integration of the Colorado River through Grand Canyon.
Further, Grand Wash trough detrital populations indicate that Gold Butte granite (which
was the dominant clast source for the underlying fanglomerate), was not the dominant
source for the red siltstone. Instead, the presence of 1380 Ma grains suggests sources to
the south, in the Kingman high area. Detrital zircons in Gregg and Temple basins were
similar to each other at 6 Ma, but markedly different than those of Grand Wash trough.
Carbonate facies within the Hualapai Limestone include marsh, lake, and spring
deposits and are all interpreted to be shallow freshwater carbonates based on facies
analyses and 87Sr/86Sr isotope composition. A widespread, massive limestone facies at the
top of the section in each basin may be roughly time correlative and may mark an end of
carbonate deposition. Additional geochronology is needed to verify or refute this model.
103

This series of limestone beds may reflect integration of the various basins into a single
lake. However, this was not due to an influx of river water (Spencer and Pearthree, 2001).
There is no record in the carbonate chemistry for a water delivery event.
Combined geochemical and petrographic analyses indicate that variable carbonate
chemistry does not correspond to facies, but seems to vary with stratigraphic position for
all facies. δ18O values (from -13.32‰ to -3.44‰) show more negative values up-section
and from east to west, suggesting that groundwater chemistry was evolving over several
million years (12-6 Ma) to reflect higher elevation recharge and/or increased meteoric
recharge due to the developing San Francisco Mountain high elevation recharge areas.
δ13C values (from -1.75‰ to 4.25‰) show trends with more negative values both upsection and from east to west across the unit’s distribution. This is also interpreted to
represent gradual change in groundwater composition and volume that was reflected in a
decrease in evaporite conditions and changes in marsh biological activity. Trends toward
lighter δ13C values to the west may reflect less evaporite influence in basins to the west
due to presence of water from the Virgin River, as shown by detrital zircon populations.
In comparison, the δ13C and δ18O values of carbonate being precipitated from Havasu
Spring waters in the Grand Canyon range from -1.9‰ to 2.98‰, and -13.32‰ to -9.33‰,
respectively, and overlap strongly with Hualapai carbonates. 87Sr/86Sr values vary widely
throughout the unit, from 0.7114 to 0.7193, with stratigraphic trends towards decreasing
values up-section and from east to west. This is also interpreted in terms of an increasing
meteoric component and less endogenic component from fault derived fluids up-section.
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However, the wide range of values at the tops of the various measured sections indicates
that these horizons do not represent a well mixed lake.
New data from the Hualapai Limestone thus negate several previous models for
Colorado River integration: 1) No evidence for karst piping of the Colorado River; 2) no
evidence in the carbonates for a spill over event, although one could have shut off
carbonate deposition and not been recorded in the carbonate record, 3) no evidence for a
Paleo Grand Canyon emptying into Grand Wash trough from the Colorado Plateau.
Instead, 1) we support previous models for the “Muddy Creek constraint” which posits a
< 6 Ma Colorado River, 2) we show a groundwater source for Hualapai Limestone
deposition supporting connections between Hualapai Limestone and modern springs and
travertines (Crossey et al., 2006; 2009). Geochemical trends support increased meteoric
influence up-section. At the end of Hualapai time, the lakes coalesced, overtopping
paleogeographic divides between Grand Wash trough, Gregg basin, Temple basin, and
Detrital basin. However, our data neither support nor refute models that the lake spilled
over the Black Canyon paleo divide and integrated into the modern Colorado River
system. However, if such a model is correct, the water delivery event may have postdated a paleogeography of spring-fed basins and shallow water carbonate deposition from
13-6 Ma. There is no firm evidence for the Colorado River in this location until just
before the 4.4 Ma Sandy Point gravels, leaving many details about integration still
unresolved.
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Measured Stratigraphic Sections
The high resolution sedimentologic and chemostratigraphic approach of this study
identifies the locations of various facies and their geochemical signatures, as well as
catalogs up-section geochemical trends, and consequently enhances the understanding of
the Hualapai paleoenvironment. Field work was conducted on five different occasions to
better understand the different facies and depositional contacts of the Hualapai
Limestone. The sedimentologic investigation involves measuring thirteen stratigraphic
sections of the Hualapai Limestone and adjacent units and collecting a representative
suite of 146 samples (see Appendix E). The locations of the measured sections are shown
on Figure 10. This collection contains sample from measured sections and other outcrops
of interest. Sections were measured in Detrital basin, Temple basin, Gregg basin, and the
Grand Wash trough. The measured sections were selected based on the completeness of
the outcrop, location of the unit within the individual basins, and proximities to faults or
other features of interest and measured using a Jacob Staff, or by utilizing binoculars and
measuring tape when outcrops were inaccessible. Throughout the measured sections,
samples were collected at regular intervals determined at the researcher’s discretion.
Upon return to the University of New Mexico, the samples were cataloged, organized in
order of research priorities, cut into slabs, and photographed. Subsequent east-west
stratigraphic cross-sections of the measured sections assisted in correlating facies.
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Geochemistry
Geochemistry of measured section samples of the Hualapai Limestone includes
stable isotopic analysis (C and O) and radiogenic strontium isotope geochemistry on
selected samples to better constrain facies transitions. Samples were analyzed from the
lowest, middle, and highest stratigraphic positions of each basin in which the Hualapai
Limestone was deposited to assist in the correlation of deposits and facies. Geochemical
analysis of samples within stratigraphic sequences of the Hualapai Limestone help
identify characteristics of the source waters, using insight from new hydrologic models of
the dissected aquifer in Grand Canyon (Crossey et al., 2006; 2009). A sample suite of
nearby modern Grand Canyon travertines provides a type example for modern waters to
compare to the Hualapai waters. These new stable and radiogenic isotopic analyses
augment the existing geochemistry database for the Hualapai Limestone and refine our
understanding of the groundwater and lake history.
Seventy-one selected samples were microdrilled to powder using the established
drilling and laboratory techniques of the University of New Mexico radiogenic isotope
laboratory. All attempts were made to drill parallel to bedding and follow a layer
representative of the entire sample. The selected sample subset includes the topmost
samples of twelve measured sections, several unique carbonate samples of interest
including oncolites, bioherms, and a sample of the laminated sparite facies from along the
Wheeler fault, and the entire carbonate sequences of measured sections from the
following locations: Grapevine Wash within the Grand Wash trough, Spring Wash of
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Gregg basin, and the Mine Road area within Temple basin. The Detrital basin measured
section was not considered to be complete enough to warrant chemostratigraphic analysis.

Petrologic Analysis
Several Hualapai Limestone samples were cut, polished, and mounted into thin
sections by Spectrum Petrographics, Inc. These samples were petrographically analyzed
and photographed with a Leica DM EP binocular microscope and camera at the
University of New Mexico.

SEM Analysis
As an initial analytical technique, four Hualapai Limestone samples were
investigated with the JEOL 5800LV Scanning Electron Microscope at the University of
New Mexico Institute of Meteoritics. Selected samples were carbon coated, mounted on
stubs, and analyzed for unique facies fabrics and chemical compositions. Backscattered
electron images of Hualapai Limestone samples were collected to identify fabrics within
distinct chemical facies.

Microprobe Analysis
Two Hualapai Limestone thin sections were carbon coated and analyzed with the
JEOL 8200 Electron Probe Microanalyzer at the University of New Mexico Institute of
Meteoritics. Multiple backscatter electron image maps and geochemical analyses were
created for the two samples.
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Stable Isotopic Analysis
For stable oxygen and carbon isotopic analysis, approximately 1 mg of Hualapai
Limestone powders were loaded into vials (12 mL borosilicate exetainers), then the vials
were flushed with He gas and the samples were reacted for 24 hours with H3PO4 at 50ºC
(Spotl and Vennemann, 2003). The evolved CO2 was measured by continuous flow
Isotope Ratio Mass Spectrometry using a Gasbench device coupled to a Finnigan Mat
Delta Plus Isotope Ratio Mass Spectrometer. The results are reported using the delta
notation, versus PDB. Reproducibility was better than 0.15‰ for both δ13C and δ18O
based on repeats of a laboratory standard (Carrara Marble). The standards were calibrated
versus NBS 19, for which the δ13C is 1.95‰ and δ18O is 2.2‰.

Radiogenic Sr Analysis
The radiogenic Sr analysis was performed in the University of New Mexico
radiogenic isotope laboratory. Approximately 30-40 mg of powdered Hualapai samples
were weighed, dissolved in 3 N HNO3, then run through a 200-ul Teflon column with
Eichrom Sr-spec resin. The samples were then dried and redissolved in 3% HNO3 acid
for analyses. The samples were analyzed on a Thermo Neptune (Multicollector) MCICPMS. They were introduced into a Cetac Aridus II desolvating nebulizer and run
against National Bureau of Standards Sr standard NBS-987. NBS-987 has an 87Sr/86Sr
value of 0.71025.
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APPENDIX B
MEASURED STRATIGRAPHIC SECTIONS
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List of measured stratigraphic sections, thicknesses, and locations
(UTM coordinates of top of sections, zone 11S, NAD 27):
Grapevine Wash measured section is a compilation of three sections totaling 212 m thick.
Grapevine Wash (lower): 0769650, 3996203; elevation 542 m
Grapevine Wash (middle): 0768102, 3992971; elevation 681 m
Grapevine Wash (upper): 0767121, 3992422; elevation 842 m
East Airport Point: 86 m
076511, 3998691; elevation 877 m
Airport Point: 44 m
0766140, 3998700; elevation 870 m
West Airport Point: 21 m
0765383, 3997450; elevation 887 m
North Tower: 11 m
0764095, 3997589; elevation 865 m
West Grand Wash Trough: 10 m
0763780, 3995410; elevation 897 m
Smith Bay: (incomplete, no Hualapai Ls base) 94 m
0759988, 3993496; elevation 460 m
Hualapai Wash: (incomplete, no Hualapai Ls base) 53 m
0758010, 3986410; elevation 545 m
Spring Wash: 120 m
0775920, 3986387; elevation 686 m
Little Burro Bay: 91 m
0745349, 3985154; elevation 689 m
West Salt Spring Wash: 12.5 m
0752606, 3991880; elevation 677 m
Mine Road: 100 m
0732935, 3984032; elevation 682 m
Detrital Wash: 17 m
0727466, 3978393; elevation 608 m
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Sample data table
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Sample data table, continued
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Sample Photos
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Microprobe data
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Microprobe data, continued
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Microprobe data, continued
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TEPHROCHRONOLOGY
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Tephrochronology Methods
Six tephra samples found in measured sections within the Hualapai Limestone in
the Detrital basin, Temple basin, Gregg basin, and Grand Wash trough were sent to the
USGS Tephrochronology laboratory for geochemical dating. This investigation was
conducted in collaboration with the USGS Lake Mead Project.

Tephrochronology data
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USGS TEPHROCHRONOLOGY REPORT:
JLP-08-54, -109, -112, -115, -116, and -132
Prepared by
Elmira Wan
Tephrochronology Project
U.S. Geological Survey
Nine major and minor oxides (SiO2 Al2O3, FeO, MgO, MnO, CaO, TiO2, Na2O,
K2O) were analyzed using electron microprobe. The raw data was then recalculated to a
100% fluid-free basis. Similarity coefficient analyses were performed on the chemical
data, and the normalized values compared to geochemical “fingerprints” (currently
>5,800) in the USGS Tephrochronology Project reference database. For a complete
tephrochronologic interpretation of the tephra samples, independent age control,
stratigraphic positions, field and petrographic characteristics, and mineralogy were also
considered.
Attached are MS-Excel and Word files containing the raw and normalized
chemical data, comparative chemical data, and lists of chemical correlatives for your
examination.
Holly Olson performed the lab processing and petrography, Dave Wahl conducted
the instrumental and computer analyses, and I interpreted all of the data.
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Sample JLP-08-54
Locality: Hualapai Limestone, Grand Wash trough, AZ.
Sample is located in the Grapevine Wash measured section at 12 m.
This sample is composed of 99% predominantly angular to subangular, clear to
light brown, slightly coated, delicate, platy glass shards. Ribbed shards are also common.
Less common are slightly devitrified, bw/bwj, blocky, or well-hydrated vesicular shards.
Vesicles are equant and irregular in shape. A few minerals were noted on smear slide:
partially altered calcite, qtz & plag xtls.
EMA shows that JLP-08-54 is a fairly leached (mean total = 93.06%, see file: JLP08-54 T575-3.xls), middle and late Miocene tephra possibly derived from the Snake
River Caldera hot spot area of southern Idaho. The closest matches (≥0.957 similarity
coefficient, without alkalis) fall within an age range of 12.07-11.31 Ma, based on
correlations to Ar/Ar dated samples from the Trapper Creek section of south-central
Idaho (e.g., TC89-18a, -27c, -25a; collector: M. Perkins, U. of Utah). In turn, the Trapper
Creek samples can be correlated to other western and central U.S. (NV, UT, NM)
samples within this age bracket: BE-26, etc. (collector: Bill Eastwood, UCB, Master's
thesis); M90TM-, M89TR-, 1-36-23J, etc., (collectors: Dave Miller (USGS, Menlo Park),
Marith Reheis (USGS, Denver), and John Stewart (USGS, Emeritus); and ML482u101103-djk, ML-372a-S161003-djk (Dan Koning, New Mexico Bureau of Geology
and Mineral Resources), among others (see MS-Word file: rec JLP-08-54 T575-3, yellow
highlighted samples). There is also a correlation to DSDP 173-23-1, a sample from
offshore northern California, which has a biostratigraphic age (based on marine
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microfossils) of 12.2 Ma. Chemical correlations to 96TT151 (15.10 ±0.08 Ma), and
96TT137 (14.97±0.08 Ma) from Carlin, Nevada (Ted Theodore, coll.), and vvy-93-12
(15.18 Ma, Perkins) from Virgin Valley, NV, lower the basal age of JLP-08-54. However,
the levels of magnesium and/or calcium (blue highlight) in these older samples are
relatively high, and these preclude convincing matches with JLP-08-54. If minor and
trace element data for this sample could be obtained (by INAA for example), the age of
the sample may be better constrained.

Hand sample photo of Sample JLP-08-54

205

Sample JLP-08-54
Raw Data Table

Sample JLP-08-54
Raw Data Graph
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Sample JLP-08-54
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Na, Al, Si, K , Ca, Ti, Fe
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Sample JLP-08-54
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Al, Si, Ca, Ti, Fe
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Sample JLP-08-109
Locality: Hualapai Limestone, Temple basin, AZ. One of six ashes in the base of the HL
deposit along BR132; collected ~20 m below 5.97 ±0.07 Ma ash (Spencer, 1998).
Sample is located in the Mine Road measured section at 43 m.
JLP-08-109 consists of ~77% clear to medium brown, slightly to moderately coated,
angular to subangular, predominately webby/frothy, pumiceous shards. Ribbed, bw/bwj,
chunky/blocky, microphenocrystic, and vesiculated shards are common. Vesicles are
well-hydrated, equant to irregular bubble-types, or elongate spindle or conical shaped.
Platy shards are rare. Remaining 13% includes slightly to highly altered tectosilicates,
biotite, and altered grains.

Microprobe results show that this is a polymodal, andesitic-dacitic tephra that may be
locally derived.


Pop 1 (11 shards): No good match. This is a well-hydrated (~0.93 %)
subpopulation that best correlates with JLP-08-115, and only moderately
resembles JLP-08-109 Pop 2. (Fe, Mg, Ca, and Ti values are substantially higher
in Pop 2.) These tephra/modes exhibit a generic similarity to Miocene Cascade
volcanic center tephra deposits from the central coastal of California (Dos Pueblos
Beach section) to Quaternary tephra from the Pringle Falls area of Oregon. The
Fe, Mg, Mn, and Ti values of these volcanic glass shards vary widely when
compared to JLP-08-109 Pop 1.
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Pop 2 (2 shards) No match. Another highly leached mode whose closest
correlation is JLP-08-109 Pop 1. Again, generically similar to Cascade-type tephra
found in CA and OR.



Pop 3 (6 shards) Moderately hydrated (~96%) highly mafic mode. No Match. Also
generically similar to Cascade Range tephra from Dos Pueblos Beach, central CA
to Pringle Falls, OR.

Field photo of sample JLP-08-109
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JLP-08-109
Raw Data Table
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JLP-08-109
Raw Data Graph
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Sample JLP-08-109 pop1
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Na, Mg, Al, Si, K , Ca, Ti, Mn, Fe
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Sample JLP-08-109 pop1
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Mg, Al, Si, Ca, Ti, Mn, Fe
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Sample JLP-08-109 pop2
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Na, Mg, Al, Si, K , Ca, Ti, Mn, Fe
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Sample JLP-08-109 pop2
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Mg, Al, Si, Ca, Ti, Mn, Fe
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Sample JLP-08-109 pop3
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Na, Mg, Al, Si, K , Ca, Ti, Mn, Fe
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Sample JLP-08-109 pop3
Listing of 37 closest matches for COMP. NO. 5770 for elements:
Mg, Al, Si, Ca, Ti, Mn, Fe
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JLP-08-112
Locality: Hualapai Limestone, Temple basin, AZ. Collected from an ash bed
stratigraphically higher than the 5.97 Ma ash.
Sample is located in the Mine Road measured section at 89 m.
Approx. 92% slightly to moderately coated, clear to medium brown, angular to
subrounded, often slightly devitrified shards. Predominately ribbed (often v. tightly &
thinly ribbed), and webby/frothy pumiceous shards. The pumiceous shards are often
hydrated, and contain spherical, irregular bubble-type, or elongate spindle or conical
shaped vesicles. Commonly, shards are thin/platy, chunky, bw/bwj, microphenocrystic or
microlitic. Also present: ~8% moderately to heavily altered tectosilcate and biotite xtls.
No match. Resembles LBS-U-121205-djk which is a highly leached, heterogenous,
andesitic or andesitic-dacitic tephra that also does not match well with any of our
analyzed samples. Compositionally, JLP-08-112 and its chemical correlatives are most
similar to Cascade Range tephra. This may be another tephra from a local source,
possibly derived from a subduction volcano.

Field photo of sample JLP-08-112
219

JLP-08-112
Raw Data Table

JLP-08-112
Raw Data Graph
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JLP-08-112
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Na, Al, Si, K , Ca, Ti, Fe
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JLP-08-112
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Al, Si, Ca, Ti, Fe
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JLP-08-115
Locality: Hualapai Limestone, Detrital basin, AZ.
Sample is located in the Detrital Wash measured section at 0 m.
~83% clear to dark brown, angular to subrounded, mostly platy and ribbed glass
shards. Bw/bwj and webby shards are common, and are often slightly to well-vesiculated.
Vesicles are well-hydrated and may be elongate spindle and cone-shaped, or equant to
irregular bubble-types. Some shards are moderately to heavily altered, and a minor %
contain microphenocrysts. ~17% of spl = euhedral to anhedral, slightly to moderately
altered, tectosilicates, biotite, rare apatite, some grain too altered for identification.
Again, no match. Closest chemical correlation (~0.947, Similarity coefficient) is to
JLP-08-109 Pop 1 (see above interpretation). Probable local tephra that shows a generic
similarity (very high Fe, Mg, Mn, Ti) to Cascade-type tephra from California and Oregon.

Field Photo of Sample JLP-08-115
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JLP-08-115
Raw Data Table

JLP-08-115
Raw Data Graph
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Sample JLP-08-115
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Na, Al, Si, K , Ca, Ti, Fe
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Sample JLP-08-115
Listing of 37 closest matches for COMP. NO. 5769 for elements:
Al, Si, Ca, Ti, Fe
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JLP-09-116
Locality: Hualapai Limestone, Gregg basin, AZ.
Sample is located in the Spring Wash measured section at 12 m.
Discontinued. No glass present/altered sample. Processed residue consists of highly
weathered, detrital minerals, mostly mica (biotite), moderate amounts of feldspars and
qtz, some magnetite and minor non-mag opaques.

Field photo of sample JLP-09-116.
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JLP-09-132
Locality: Hualapai Limestone, Grand Wash trough, AZ.
Sample is located in the Grapevine Wash measured section at 110 m.
Discontinued. No glass present/altered sample. Carbonate-cemented, weathered, detrital
mineral-rich sediment.

Hand sample photo of JLP-09-132.
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DETRITAL ZIRCON ANALYSIS
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Detrital Zircon
Five clastic samples from beneath and within the Hualapai Limestone were
prepared and analyzed at the University of Arizona LaserChron Center utilizing the
techniques outlined in Gehrels et al. (2006). Three samples were collected from within
the Grand Wash trough. K-08-HUAL-13 was collected from the eastern side, within the
upper Muddy Creek Formation and basal siltstones of the Hualapai Limestone within
Grapevine Wash. K-08-HUAL-20 was collected from the western side’s basal
fanglomerate beneath the highest elevation and thinnest measured section of Hualapai
Limestone within the trough, directly east of the Wheeler fault. K-09-HUAL-21 was
collected from the fanglomerate below the base of the Hualapai Limestone along Pearce
Ferry Road. One sample was collected from Gregg basin. K-09-HUAL-10 was collected
from near the base of the Spring Wash stratigraphic measured section. One sample was
collected from Temple basin. K-09-HUAL-1 was collected near the top of the Mine Road
stratigraphic measured section.
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Sample K-09-HUAL-13
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Sample K-09-HUAL-13

Field photo of sample K-09-HUAL-13
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Sample K-09-HUAL-20
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Sample K-09-HUAL-20

Field photo of sample K-09-HUAL-20
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K-09-HUAL-21
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K-09-HUAL-21

Field photo of sample K-09-HUAL-21
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K-09-HUAL-10
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K-09-HUAL-10

Field photo of sample K-09-HUAL-10
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K-09-HUAL-1
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K-09-HUAL-1

Field photo of sample K-09-HUAL-1
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